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ABSTRACT

The present study investigated the recruitment dynamics and early life history of the
tropical eel Anguilla marmorata in the northwestern Pacific as well as the migratory
environmental history of the eel in the Philippine waters.

Analysis of the species composition of the recruiting glass eels in the estuary of the
Hsiukuluan River, Eastern Taiwan from 2005-2009 revealed that A. marmorata was the most
dominant eel species making up to 98.4% of the total catch while there were very few A. bicolor
pacifica (1.6%) and A. japonica (<1%). Tropical eel species A. marmorata recruited mainly to
the estuary during spring to summer but can be found year-round while A. bicolor pacifica
recruited mainly during autumn. The temperate species, A. japonica, recruited mainly during
winter.

Examinations of the otolith daily growth increments of A. marmorata and A. japonica
glass eels collected from various rivers and estuaries in East Asia from 1992-2008 indicated that
age at metamorphosis and early growth rate seem to play an important role in the segregative
migration and latitudinal distribution of these two sympatric eel species in the northwestern
Pacific. Faster-growing and earlier-metamorphosing leptocephali of A. marmorata recruited
earlier in the Philippines while its slower-growing, delayed metamorphosing leptocephali
dispersed southward (via the Mindanao Current) and northward (via the Kuroshio Current). On
the other hand, the A. japonica leptocephali which arrive in the Philippine waters are apparently
too young to metamorphose and migrate towards the estuaries so it will continue to drift
northwards. This must be the reason why Japanese eels are seldom found in the Philippines while
A. marmorata occurs in abundance.

The Sr:Ca profile in the otoliths of yellow-stage A. marmorata collected in the river of

eastern Luzon, the Philippines in August 2008 revealed that it’s migratory environmental history

vii



is quite different from that previously reported from Japan and Vietnam and from A. japonica.
Electron probe microanalyzer showed that after the elver check, the Sr:Ca ratio until the otolith
edge were less than 4 x 107, indicating that after recruitment, A. marmorata just stayed in
freshwater until capture, which is similar to that of A. marmorata in Taiwan. On the contrary, A.
japonica has a more flexible migratory behavior in the yellow stage. It can migrate among
seawater, brackish water and freshwater in the yellow eel stage. Interspecific competition,
environmental factors and the productivity of the environment may play an important role in the
habitat preference of A. marmorata throughout its species range. The findings of this study can

provide the information for the eel conservation and management.

Keywords: Otolith, daily growth increment, giant mottled eel, glass eels, recruitment dynamics,

migratory environmental history
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1. INTRODUCTION

1.1 Life history pattern of freshwater eel (Anguilla spp.)

Anguillid eels (Genus Anguilla) are catadromous fishes, spending the majority of their
life cycle in freshwater or estuaries until sexual maturity and migrating to the open ocean to
spawn and die (Fig. 1). These long migrations to spawn far offshore appeared to be unique
among the >800 anguilliform species (Miller 2009). At the moment, only the spawning grounds
of four freshwater eel species in both the Atlantic and the Pacific Oceans have been identified
(Schmidt 1922; Tsukamoto 1992; Kuroki et al. 2009). The spawning areas of the other
freshwater eel species around the world are still not well understood, thus research interest in eel
migration is still focused on the actual spawning location for anguillid eels. Interestingly, these
eels in both the Atlantic and the Pacific spawn in similar westward flowing currents at the
southern edges of the subtropical gyres in both oceans so that their leptocephali can be passively
transported to their respective recruitment areas where they feed and grow (Tsukamoto et al.
2002). At the end of their long transoceanic migration, the leptocephali metamorphose into glass
eels and invade coastal and inland habitats. The eels undergo two major metamorphoses
throughout their long lives: the first one is the metamorphosis from leptocephalus into glass eel
during their migration from their offshore marine spawning ground to their continental
freshwater growth habitat. Otolith microchemistry studies have revealed that the glass eels after
reaching coastal waters may either migrate further inland and colonize freshwater habitats or
stop their migration and settle in seawater or estuary (Tzeng et al. 2002; Arai et al. 2004; Daverat
et al. 2006). The timing of the metamorphosis by a leptocephalus into glass eel and the
transportation of the oceanic currents are considered to be the key determinant of the ultimate
destination of the eel (Cheng and Tzeng 1996; Wang and Tzeng 2000; Tzeng 2003). The second

metamorphosis on the other hand, is from yellow eel to silver eel in a process called silvering
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and it occurs during their downstream migration from their continental freshwater habitat to their
offshore spawning ground in the open ocean. During silvering, their body colouration changes,
their swim bladder changes and their eyes enlarge, all of which would facilitate the new demands
of deep-water swimming, predator avoidance and possibly visual mate location (Rousseau et al.
2002; Aoyama and Miller 2003). These series of metamorphoses in yellow eels in both
freshwater and coastal marine habitats are accompanied by drastic morphological, physiological
and behavioural changes to fit their habitat shift and activities associated with a long migration in
the open ocean (Bruijs and Durif 2002). Recent study by Tsukamoto et al. (2011) reported that
the morphological condition of spawning adults suggests that freshwater eels have the capacity
for multiple spawning during a spawning season. However, their highly modified bodies and
degenerated condition confirm that they have only one spawning season in their life and die after

spawning a few times.
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1.2 Freshwater eel fishery and its problem

Anguillid eels are an economically important fish species in many regions of the world
particularly in Europe and East Asia where there is a long standing tradition of its consumption.
The Japanese consume around 100, 000 tons of eels every year, of which more than 99.5% are
farmed eels (FAO 2012 Statistics). Intensive commercial culture of anguillid eels (particularly A.
japonica) is an important industry not only in Japan where it was first initiated but also in China,
Taiwan and Korea. In fact in recent years, imports of farmed eels from these two countries have
grown considerably that they now comprise around 70% of all eels consumed in Japan. The
seeds needed for aquaculture production still rely on wild-caught glass eels but because the glass
eel resources are in sharp decline globally, the eel farming industry is at a critical point. To ease
the reliance for wild-caught eels for aquaculture production and to help protect the wild
populations, researches on technology for producing artificial glass eels were initiated. But at the
moment, problems such as poor egg quality, appropriate food for the larvae and high density
rearing method for leptocephalus among other things, have hindered the completion of its

artificial production.

1.3 Population decline of freshwater eel

The world’s eel resources have been in sharp decline since the second half of the last
century (Fig. 2). In the Pacific Ocean, the annual catch of the Japanese eels is reported to be
fluctuating with a continuously decreasing trend (Tatsukawa 2003). Its decline started in around
1970 and it now stand at about 10% of the levels seen in the 1960’s. This decreasing trend
however is not only observed in/limited to the Japanese eel. In the Atlantic Ocean, European and
American eel recruitment is down to less than 1% of its peak in some areas (Richkus and Whalen

2009; Dekker 2008). South Pacific eels are also reported to be in decline (Jellyman et al. 2000;
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Hoyle and Jellyman 2002). The reasons for the decline are unclear but are probably due to
spawning stocks reduction (Clevestam et al. 2011), swim bladder parasites and virus infection
(Haenen et al. 2002; Szekely et al. 2002; Kirk 2003; Sures and Knopf 2004; van Ginniken et al.
2005) , overfishing (Moriarty and Dekker 1997; Briand et al. 2003; Dekker 2003), growth habitat
reduction (McCleave 2001), pollution (Amiard-Triquet et al. 1988; Robinet and Feunteun 2002;
van Ginneken et al. 2009), global climate change (Castonguay et al. 1994; Kimura et al. 2001;
Knights 2003; Friedland et al. 2007; Bonhommeau et al. 2008) and solar cycle (Tzeng et al.
2012). Previous researches also highlighted the environmental factors in the estuaries such as
temperature, salinity, turbidity, pH, stream water odour and tidal cycle as well as moon phase
and rainfall, may act alone or in combination to influence recruitment (Sloane 1984; Tzeng 1985;
Sorensen and Bianchini 1986; Tosi et al. 1990; Chen Lee et al. 1994).

In the northwestern Pacific, intense fishing pressure in adult A. japonica and A.
marmorata and the widespread harvesting of their glass eels for aquaculture caused their
population to decline (Fig. 3). Also, constructions along the river systems like dams and other
water impoundments impeded the downstream migration of the adult eels towards the sea and
the upstream migration of elvers, further affecting the dwindling eel population. It is because of
this that the Taiwanese government was prompted to impose fishing and aquaculture ban on A.
marmorata and listed it as an endangered species according to the Wildlife Conservation Act of
Taiwan. More recently, the Philippine government, through its Bureau of Fisheries and Aquatic
Resources (BFAR) issued Fisheries Administrative Order (FAO) No. 242 series of 2012
repealing FAO 159 series of 1986 that allows elver exportation and reinstate the ban on the

exportation of live elvers caught in the Philippine waters in a bid to stop the rapid and rampant



exploitations of the anguillid eels in the country (Appendix I). According to BFAR regional

office in northern
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Philippines, approximately more than 1 million elvers were caught every day during the main
fishing season (November to February every year) and from PhP 2,500 (US$ 59.19 or NT$
1,766.09) per kilo (approx. 5-6 thousand elvers) in 2012, the buying price suddenly went up to
17 thousand (US$ 402.31or NT$ 12,009.43) to 28 thousand (US$ 622.58 or US$ 19,783.14) PhP
from January to March 2013. Because of the high demand and price for the elvers, indiscriminate
and undocumented elver collections were reported in northern Philippines specifically near the
river mouth of Cagayan River. The FAO carries a penalty of eight years imprisonment,
confiscation of catch or a fine equivalent to double the export value of the same, and revocation
of fishing and/or export permit. In recent years, A. marmorata is rapidly gaining popularity as an
aquaculture species in East Asia due to the declining supply of A. japonica and the soaring prices
of its glass eels. Anguilla marmorata glass eels are still in abundant supply and its price is much
cheaper than those of A. japonica glass eels. Despite the ban the Philippines is still supplying
increasingly large quantities of A. marmorata glass eels caught in major river systems in
northern Luzon and in Mindanao, to numerous eel farms in East Asia and are now increasingly
being used in many eel farms in China, Taiwan and Korea. Early this year, the International
Union on the Conservation of Nature listed A. japonica as an endangered species due to a
number of factors that includes overfishing and loss of habitat (IUCN, 2014). Because of this, it
is expected that A. marmorata is poised to take-over A. japonica as the major eel species for
aquaculture in East Asia. But to prevent A. marmorata from following the same fate as A.
japonica, understanding its life history will help in formulating regulatory measures for its

conservation and sustainable use.



1.4 Biology and population structure of Anguilla marmorata

The tropical anguillid eel Anguilla marmorata is the most widespread in all of the 16 species and
3 subspecies of freshwater eels in the world (Ege 1939; Watanabe 2003). It is found from the
southeast coast of Africa in the Indian Ocean, eastward through the islands like Madagascar and
Reunion, northward through Indonesia up to southern Japan and Korea and through the tropical
western Pacific, including many small islands in the South Pacific (Tesch 2003). More recently,
the occurrence of A. marmorata outside of its known distribution range has been reported like in
Caroline Islands (Myers and Donaldson 2003; Donovan et al. 2012), Palmyra Atoll (Handler and
James 2006) and even farther east in the Galapagos (McCosker et al. 2003). It has been widely
documented that this species can live in sympatry with the other tropical and temperate eel
species. Recent genetic (MtDNA and microsatellite) and morphological (total number of
vertebrae) studies suggested that A. marmorata has at least four different regional populations in
the whole Indo-Pacific (Ishikawa 1998; Ishikawa et al. 2004; Minegishi et al. 2008; Watanabe et
al. 2008; Watanabe et al. 2009a). Such type of regional divergence within the same species can
be due to each population having different migration loops or migratory pathways brought about
by barriers to migration in the Pacific and Indian Oceans. This causes each population to evolve
to have unique or specific migration loops adapted to the geography and hydrology of each area.
Therefore, the shift in the migration loop could possibly a step towards speciation in freshwater
eels. At the moment with its four to five different regional populations, only one spawning
ground of A. marmorata has been identified and it is in the north equatorial current (NEC) region
of the western North Pacific Ocean in about the same region as the spawning area of A. japonica
(Kuroki et al. 2009; Tsukamoto et al. 2011). Both A. japonica and A. marmorata were proposed

to be spawned in the waters west of the Mariana Islands in the Pacific Ocean (Fig. 4) (Kuroki et
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al. 2009; Tsukamoto et al. 2011). Adult individuals migrate thousands of miles from their
freshwater growth habitat in East Asia to this location under starving condition because they do
not assimilate marine food sources during their spawning migration (Chow et al. 2010). After
hatching, their marine larvae, the leptocephalus were transported westward by the NEC from
their spawning ground to the continental shelf of the northwestern Pacific. Furthermore, A.
marmorata will drift both in the northward flowing Kuroshio Current and the southward flowing
Mindanao Current (Fig. 5a) while A. japonica will only enter the northward flowing Kuroshio
Current that will transport them to East Asia particularly in Taiwan, China, Japan and Korea (Fig.
5b). This indicates that the larvae of A. marmorata disperses and recruits to a wider area in the
northwestern Pacific region than A. japonica (Tsukamoto 1992; Kimura et al. 1994; Miller et al.
2006; Kuroki et al. 2006). Why A. japonica larvae only enter the Kuroshio Current Region while
A. marmorata, after being transported by the NEC, can enter both the northward Kuroshio
Current and the southward Mindanao Current that carry them to their recruitment areas in
northern Indonesia, the Philippines, Taiwan, eastern China, southern Japan and Korea, is still
unclear (Zenimoto et al. 2009). Recently, Han et al. (2012) pointed out that recruitment
temperature preference and oceanic current system control the distinct biogeography of A.
japonica and A. marmorata. However aside from these environmental controls, biological factors
should also be taken into consideration in explaining this ecological discrepancy but the early life
histories of these two species particularly during the oceanic phase are not yet fully understood
especially that of A. marmorata. Upon reaching the continental waters, it was also found that
their distribution in the estuaries was also geographically different. In addition, it was also
observed that in the same river system, A. marmorata occupied the upper reaches while A.

japonica occupied the lower reaches (Shiao et al. 2003).
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Figure 5. Map showing the species range (thick black lines along the coasts) of Anguilla marmorata (a) and A. japonica (b) in East
Asia and the geographic distribution of their larvae (data from Liao et al. 1999, Kuroki et al. 2006 and Tsukamoto 2009).
Preleptocephali (< 7 mm TL) (%), small leptocephali (< 10 mm TL) (#), leptocephali (>10 mm TL) (®), metamorphosing leptocephali
(A) and oceanic glass eels (m). The detailed patterns of the general currents in the western North Pacific and central Indonesian Seas
were also shown (adapted from Nitani 1972 and Lukas et al. 1991). NEC: North Equatorial Current, KC: Kuroshio Current, OC:
Oyashio Current, TS: Tsushima Current, CCC: China Coastal Current, SCSWC: South China Sea Warm Current, IK: Intruded
Kuroshio, MC: Mindanao Current, NECC: North Equatorial Counter Current.
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1.5 Application of otolith daily growth increment and microchemistry to life history study
For many years, the life history events of anguillid eels have been the focus of a variety
of researches. However such information about the early life histories of the anguillid eels have
been slow to accumulate primarily because of the difficulty in collecting and keeping them alive
due to their size and fragile body structure. Because of these constraints, otolith microstructure
analysis has emerged as a useful and powerful technique in elucidating the early life history of
the anguillid eels. Otoliths are small, paired calcified structures that aids in hearing and in the
maintenance of equilibrium of all teleost fishes and are located in the fluid-filled chambers of the
inner ear (Fig. 6). Fish otoliths are composed of calcium carbonate and an organic matrix and are
both deposited in daily and annual increments as the fish grows, allowing the ages of the fishes
to be determined on a daily and annual basis (Panella 1980). Recent chemical analytical
techniques have enabled the identification of the life-history events in a variety of fish species by
detecting major (>100 ppm), minor (1 < ppm <100) and trace (<1 ppm) elements in the
microstructures of their otoliths (Campana 1999; Arai 2002). This is because the depositions of
the various elements in the growth increments of the otolith represent a permanent record of the
environmental conditions experienced by the fish at a particular time (Campana et al. 2000). As a
result of these advances, the growth increments in the otoliths have been widely used to study the
different life history events in various eel species. It has been proven that the examination of the
otolith microstructures and microchemistry is a useful tool in estimating various events in the life
of the eel such as spawning and hatching dates, growth rate and life stage and habitat transitions.
Recent progress in otolith analytical techniques have revealed considerable details of the early
life history of various anguillid eels species including information on age, growth patterns,

timing of metamorphosis of leptocephali, larval duration, recruitment to coastal waters, timing of
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inshore migration of glass eels and others (Arai et al. 1997, 1999a,b,c, 2001a,b; Wang and Tzeng
1998; Ishikawa et al. 2001; Marui et al. 2001; Kuroki et al. 2008; Shiao et al. 2002). It was found
that the growth increments in the otoliths of the newly hatched larvae and elvers of both
temperate and tropical eel species are deposited on a daily basis thus it is possible to determine
their various early life history details such as hatching date, age at first feeding, duration of
leptocephalus stage, age at metamorphosis, oceanic glass eel stage and age at recruitment
(Tsukamoto 1989; Martin 1995; Arai et al. 2000a; Cieri and McCleave 2001; Sugeha et al. 2001,
Kuroki et al. 2006; Budimawan and Lecomte-Finiger 2007; Reveillac et al. 2009; Leander et al.
2013). It is also possible to calculate the growth rate by measuring the otolith growth increments.
In addition, it was confirmed by various studies that there is a relationship between otolith
microstructure and microchemistry (Otake et al. 1994; Arai et al. 1997; Arai et al. 2000b). A
marked increase in otolith increment width coincides with a drop in otolith Sr: Ca ratios indicates
the onset of metamorphosis, a common phenomenon in all anguillid eels (Otake et al. 1994; Arai
et al. 1999a,b,c; Marui et al. 2001). Otake et al. (1994) suggested that this marked drop of otolith
Sr: Ca ratios is related to the internal physiological changes that occurs during metamorphosis.
Furthermore, Arai et al. (1997) reported that metamorphosis was completed before the increment
width reached the maximum peak. These changes in otolith microstructure and microchemistry
allowed us to have an insight on the timing and duration of the metamorphic period of the

different anguillid eel species.
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Fig. 6. The orientation of the semicircular canals and otoliths within the inner ear of teleost fish (a) and the transverse section of the
inner ear showing the positions of each otoliths (b) (image modified from Panfili et al. 2002).
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1.6 Current research status of Anguilla marmorata

Several aspects of the life history and ecology of the elvers of the temperate eel A.
japonica in the estuaries around Taiwan has been well documented, including reports on
metamorphosis and estuarine arrival (Tzeng 1990; Cheng and Tzeng 1996), timing of estuarine
recruitment in relation to environmental conditions (Tzeng 1984a, 1985; Chen et al. 1994),
fishing exploitation rates (Tzeng 1984b), effects of surface seawater temperature on the
recruitment of elvers (Tzeng 2006), genetic composition of the recruiting glass eels (Chang et al.
2007) and the possible effects of environmental variations such as sunspot cycles and EI Nino
events on the glass eel catch (Han et al. 2009) and others. However, little is known concerning
the tropical eel species on the eastern coast of Taiwan as previous studies were focused on the A.
japonica populations on the southern, western and northern coast of Taiwan where their elvers
were regularly collected for eel aquaculture. Accordingly, as compared with the information on
A. japonica, relatively little is known about the life history of A. marmorata. It also did not help
that A. marmorata was declared as an endangered species in Taiwan. Because of this ban, little
information has been known about its population in Taiwan because its fishing and aquaculture
is illegal before April 20009.

Not only its life history during the continental growth phase but also its marine larval life
stage from the spawning ground to the estuary is still not well understood for A. marmorata as
compared with that of the temperate eel species (McCleave 1993; Cheng and Tzeng 1996; Wang
and Tzeng 2000; Tzeng 2003; Edeline et al. 2009; Miller 2009). Although recent research efforts
have resulted in a basic understanding of the ecology of the anguillid eels, early life history
details such as metamorphosis from leptocephalus to glass eel stage as well as from glass eel to

elvers stage remains to be understood. Similarly, in the Philippines, the first country the drifting
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leptocephalus encountered as they migrate and colonize continental East Asia, information such
as population structure, recruitment dynamics, species composition and abundance, etc. is still
lacking. Such information is essential for the sustainable fishery and resource conservation of the
tropical anguillid eel populations. It is because of this need for information regarding the life
history of A. marmorata that this present study was conceived.

Also, to understand the decline in glass eel recruitment, it is necessary to study the early
life history of anguillid eels. The life history of eels during the continental growth phase is well
documented, but knowledge of the marine larval life stage from the spawning ground to the
estuary is still fragmented (McCleave 1993, Cheng and Tzeng 1996, Wang and Tzeng 2000,
Tzeng 2003, Edeline et al. 2009, Miller 2009). Early life-history information is very important
because it is a key factor in understanding possible reasons for recruitment success or failure of

anguillid eels and also for their artificial propagation.
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1.7 Objectives of this study

The present study aims to examine the life history of the tropical eel A. marmorata in
northwestern Pacific from marine larval phase up to continental growth phase by evaluating its
recruitment pattern in the estuary and by analyzing its otolith microchemistry and
microstructures. In addition, its life history and evolution in the northwestern Pacific were

compared with that of A. japonica. Specifically this study aimed to:

e Examine the early oceanic growth phase of A. marmorata using information such as the
timing of metamorphosis from leptocephalus to glass eel, inshore migration period of the
glass eel, age and size at estuarine arrival and the growth rate of the leptocephalus and
elver.

e Determine the possible mechanism for the segregative migration and recruitment of A.
marmorata and A. japonica in the northwestern Pacific.

e Assess the recruitment pattern of A. marmorata and other anguillid eel species in
Hsiukuluan River, Eastern Taiwan from 2005-2009 to clarify their seasonality and
abundance.

e Determine the migratory environmental history and habitat use of adult A. marmorata in

eastern Luzon, Philippines.
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2. MATERIALS AND METHODS
2.1 Glass eel collection
2.1.1 Temporal sampling

To determine the species composition, seasonal occurrence and recruitment pattern of
anguillid eel in eastern Taiwan, glass eel were sampled monthly in 2005 and 2007-2009 at 2
stations in the lower reach of the Hsiukuluan River (Fig. 7). Hsiukuluan River is the largest river
in eastern Taiwan with a length of 81 km and a drainage area of 1790 km? (Shiao et al. 2003).
The 1st station was located in the river mouth, and a traditional triangle net was used for glass
eel collection; the 2nd station was located 2 km upstream where a fish way trap was set up in an
artificially dug water channel that was about 20 m long, 1.5 m wide, and 25 cm deep (Fig. 8).
After collection, specimens were immediately preserved in 75% ethanol. Environmental
parameters such as dissolved oxygen (DO), salinity (conductivity), pH, water temperate, water

velocity, and turbidity were also recorded at every sample collection.
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Fig 7. Map showing glass eel sampling stations (1 and 2) in the lower reach of the Hsiukuluan
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Fig. 8. Fish way trap used to collect the migrating fish larvae in the lower reach of Hsiukuluan River (a) and the dimension of the tin
trap (b). Arrows represents the direction of the river flow. Figure provided by Dr. R.T. Chen.
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Table 1. Sampling information and sample sizes of the anguillid glass eel collected in the lower

reach of Hsiukuluan River, eastern Taiwan.

Sampling period Sample size
Stn.1  Sin. 2 Total
2005 June 0 151 151
2007 July 7 19 26
Sept. 0 8 8
2008 Apr. 0 1 1
May 0 48 48
June 31 23 o4
July 0 13 13
Aug. 56 0 56
Sept. 4 1 5
Oct. 36 0 36
Nov. 280 0 280
Dec. 62 0 62
2009 Jan. 1 0 1
Feb. 1 0 1
Mar. 42 2 44
Apr. 64 0 64
May 17 0 17
June 61 0 61
July 69 0 69
Aug. 4 0 4
Sept. 1 2 3
Total 736 268 1004
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2.1.2 Spatial sampling

A total of 168 A. marmorata glass eels were collected from the estuaries of the
Hsiukuluan River, eastern Taiwan (n = 86) on 20 May 2008, the Cagayan River, northern
Philippines (n = 45) on 19 May 2008, and the Kurio River, southern Japan (n = 37) on 6 June
1996 (Fig. 9) to determine the possible effects of early life history traits on its latitudinal
distribution in the northwestern Pacific together with A. japonica. All specimens were
immediately preserved in 95% ethanol after measuring the total lengths (TLs) to the nearest
millimeter (mm). On the other hand, A. japonica specimens examined from a previous study
(Cheng and Tzeng 1996) were collected from estuaries of the Tungkang River, southern Taiwan
(n = 60) on 30 December 1992 and 24 March 1993, the Shuangshi River, northern Taiwan (n =
60) on 20 December 1992 and 17 February 1993, the Mingchiang River, eastern China (n = 30)
on 1 March 1993, the Chyantarng River, eastern China (n = 30) on 17 February 1993, the Yalu
River, northern China (n = 30) on 3 May 1993, and the Ichinomiya River, eastern Japan (n = 30)

on 10 January 1994 (Fig. 9).
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Fig. 9. Map showing the geographic distributions of Anguilla japonica (thick gray lines on the
coastlines) and A. marmorata (thick black lines on the coastlines) in East Asia and collection
sites of samples analyzed in this study (A, A. marmorata; O, A. japonica ; Cheng and Tzeng
1996). General patterns of current systems in the western North Pacific and central Indonesian
Seas (adapted from Nitani 1972, Lukas et al. 1991, and Revendin et al. 1994) and spawning
grounds of A. japonica (gray circle with the letter J) and A. marmorata (black circle with the
letter M) (Kuroki et al. 2009, Tsukamoto et al. 2011) are also shown.
Tungkang River (T) and Shuangshi River (S), Taiwan; Mingchiang River (M), Chyantarng River
(C), and Yalu River (Y), China; Ichinomiya River (), Japan; Cagayan River (P), the Philippines;
Hsiukuluan River (H), Taiwan; and Kurio River (J), Japan. NEC, North Equatorial Current; KC,
Kuroshio Current; OC, Oyashio Current; TS, Tsushima Current; CCC, China Coastal Current;
SCSWC, South China Sea Warm Current; Intruded Kuroshio; MC, Mindanao Current;
NECC, North Equatorial Counter Current; SEC, South Equatorial Current.
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Table 2. Sampling information and sample sizes of A. japonica and A. marmorata glass eel

collection in various rivers and estuaries in East Asia. Values inside the parentheses indicate the

number of individuals used for otolith analyses.

Species Sampling site Sampling date n
A. japonica* Tungkang River, Taiwan 30 Dec. 1992 30 (16)
24 Mar. 1993 30 (14)
Shuangshi River, Taiwan 20 Dec. 1992 30 (12)
17 Feb. 1993 30 (13)
Mingchiang River, China 1 Mar. 1993 30 (20)
Chyantarng River, China 17 Feb. 1993 30 (23)
Yalu River, China 03 May 1993 30 (23)
Ichinomiya River, Japan 10 Jan. 1994 30 (10)
240 (131)
A. marmorata Cagayan River, Philippines 19 May 2008 45 (13)
Hsiukuluan River, Taiwan 20 May 2008 86 (13)
Kurio River, Japan 6 Jun. 1996 37 (15)
168 (41)

*from Cheng and Tzeng (1996)
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2.2 Juvenile eel collection

Juvenile A. marmorata were collected in Aguang River in eastern Luzon, Philippines
(Fig. 10) from June-August 2012 to determine the migration pattern and habitat use. The eels
were caught using an electro-fishing gear with the help of some local fishermen in the area (Fig.
11). For comparison, samples from an aquaculture farm in Sanya, southern Hainan province,

China was included in the analyses.
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Fig. 10. Sampling location of the adult eels in a river system in Aurora province in eastern Luzon,

Philippines.
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Fig. 11. Electro-fishing gear (a) used to catch A. marmorata juveniles in a river system (b) in Aurora province, eastern Luzon,

Philippines.
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2.3 Glass eel species identification and morphometric measurements

Glass eel species were identified using morphological characters and pigmentation
patterns summarized in Fig. 12 which was modified from Tzeng (1982, 1983a) and Tzeng and
Tabeta (1983). Morphological characters, including total length, pre-dorsal fin length (PDL),
pre-anal fin length (PAL), and ADL, were measured to the nearest 0.1 mm (Fig. 13). Total length
(TL) was determined by measuring the distance between the tip of the snout and the end of the
tail, while the PDL was determined by measuring the distance from the tip of the snout to the
origin of the dorsal fin. The PAL was determined by measuring the distance from the tip of the
snout to the origin of the anal fin. The ADL, on the other hand, was the difference in distance
between the origin of the dorsal and anal fins in percent of the total length (ADL/%TL). In
addition, tail bud and caudal fin cutaneous pigmentation patterns, which appear during the glass
eel pigmentation process, were also used for species identification.

Glass eels were classified into long- and short-finned types according to the value of
ADL/%TL. Individuals with ADL/%TL values of < 5% were classified as short-finned eels (the
pre-dorsal fin origin is closer to the anus than jaw), while individuals with AD/%TL values of >
5% were classified as long-finned eels (the pre-dorsal fin origin is closer to the jaw than anus)
(Ege 1939, Tesch 2003). Anguilla bicolor pacifica is a short-finned eel with pigmentation in the
tail bud that extends to the caudal fin, while the rest are long-finned eels. The 3 long-finned eel
species were then separated according to the cutaneous pigmentation patterns on the posterior
part of the body. Anguilla japonica has no pigmentation at this stage, while both A. marmorata
and A. luzonensis and/or A. celebesensis have more or less the same pigmentation patterns in the
tail bud. Anguilla marmorata and A. luzonensis and/or A. celebesensis were then separated

according to ADL/%TL values. The ADL/%TL was reported to differ between these species but
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there is some degree of overlap (Tzeng 1982, Teng et al. 2009, Watanabe et al. 2009).
Individuals with ADL/%TL values of > 13 were classified as A. marmorata, while those with
values of < 13 were classified as A. luzonensis and/or A. celebesensis. Furthermore, the reliability
of using ADL/%TL to discriminate A. marmorata, A. luzonensis, and/or A. celebesensis was
tested by molecular identification. In total, 6 individuals with minimum, medium, and maximum
values of ADL/%TL were chosen for the DNA analysis.

The morphometric datasets were subjected to normality and equal variance tests because
of the unequal sample sizes. If the dataset passed the test, significant differences were examined
using a one-way analysis of variance (ANOVA) followed by pairwise multiple comparisons
using the Holm-Sidak method. On the other hand, if the dataset failed the test, significant
differences were examined using a Kruskal-Wallis ANOVA on ranks followed by multiple
comparisons using Dunn’s method. Holm-Sidak and Dunn’s post-hoc tests were conducted to
detect pairwise differences between species with an overall alpha level of 0.05. All statistical
analyses were carried out using SigmaStat software vers. 3.5 (Systat Software, San Jose, CA,

USA).

2.4 DNA extraction, polymerase chain reaction (PCR) amplification and phylogenetic

analysis

Total genomic DNA was extracted from muscle tissues of individuals with minimum,
medium, and maximum values of ADL/%TL using a DNA purification and extraction kit. A
pair of oligonucleotide primers, H15341 (5’-TGCTAACGATGCCCTAGTGG-3) and L151341
(5’-CTAGTCAACCTACTAATGGG-3") was used to amplify a fragment of Cyt b using PCR
amplification (Han et al. 2002). PCR amplification was carried out in a 25-pl reaction mixture

containing 0.5 pl template DNA, 2.5 ul 10x reaction buffer, 0.5 pul dNTP, 1 ul of each forward
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and reverse oligonucleotide primers, 0.25 pl DNA Taq polymerase, and 19.25 ul double-distilled
water. The thermal profile consisted of initial denaturation at 94°C for 3 min followed by 35
cycles of denaturation at 94°C for 30 s, annealing at 50-55°C for 1 min, and extension at 72°C
for 30 s, with a final extension at 72°C for 10 min. PCR products were electrophoresed on a 1%
agarose gel and stained with ethidium bromide (EtBr) for band characterization via ultraviolet
trans-illumination. Sequencing reactions were performed using an ABI PRISM 377 Auto DNA
Sequencer (Applied Biosystems, Foster City, CA, USA).

The generated sequences were compared to the mitochondrial (mt)DNA Cyt b sequences
of all known species and subspecies of Anguilla retrieved from GenBank (accession nos.:
ABO038556, AB469437, and AP007233-49) to determine their phylogenetic relationships using
the Neighbor-joining (NJ) method with the Kimura two-parameter model as implemented in
MEGA 4.1 (Tamura et al. 2007). The resultant topology was assessed by bootstrapping with

1000 replications.
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Fig. 12. Schematic diagram of the methods used for anguillid glass eel species identification.
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Fig. 13. Diagram showing morphometric measurements of the glass eel. PD, pre-dorsal length;
AD, ano-dorsal length, PA, pre-anal length and TL, total length. Glass eels were classified into

long- and short-finned types according to the value of ADL/%TL.

2.5 Determination of glass eel developmental stages

Developmental stages from glass eel to elver were also determined according to the
extent (or absence) of skin pigmentation over the head, tail, and other body regions following
methods described by Strubberg (1913), Bertin (1956), and Tesch (1977, 2003) (Fig. 14a-b,
Table 1). Post-metamorphic juveniles were sub-classified into stages Va, Vg, Vla1, Vlaz, Vias,
Vlas, Vlg,and VII. Juveniles up to stage Vla, were classified as glass eels, while those in stages
Vlasz and Va4 were in the transition stage to elvers, which become fully pigmented at stage Vg
stage (Fukuda 2010). Stage Vg indicates the end of pigmentation, while stage VI represents the

fully pigmented, benthic elver (Tabeta and Mochioka 2003).
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Fig 14a. Progressive sub-epidermal pigmentation in the anal region of the glass eel used to
determine the different ontogenetic stages (after Strubberg, 1913; Bertin 1956; Tesch 2003). A:
Stage VIAy; B:Stage VIA,; C: Stage VIA3; D,E,F: Stage VIA; G: Stage VIB.
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(@) Vim

(c) Viaa

(d) Vias

Fig. 14b. Developmental stages (Vla1 to VIg) in Japanese eels showing pigmentation process
from glass eel to the fully pigmented elver stage at VIb. Arrows indicates the location of the

unique pigmentation characteristic of each stage (adapted from Fukuda et al. 2013)
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Table 3. Development of pigmentation in anguillid eels (Tesch 2003).

Stage Characteristics

I Larva, fully grown leptocephalus

I Semilarva, pigmentation on the posterior end of the spinal chord

11 Semilarva, pigmentation on the nerve chord becomes more extensive, skin pigment also seen at the tip of the caudal
fin

v Semilarva, pigmentation on the nerve chord reaches the head

Va Metamorphosis complete, eel-like form, no external pigment (glass eel) except the caudal spot

Vg No pigment on the back, body or tail region, except for the skull, caudal spot and some rostral pigment

Vg Development of pigmentation along the whole dorsum, post-anal dorsolateral pigment develops, post anal, no clear
mediolateral melanophores (Fig.14b-a)

Viaz No pre-anal ventrolateral pigment. Post-anal development mediolateral pigment (Fig. 14b-b)

VI No pre-anal ventrolateral pigment. Clear pre-anal development of mediolateral pigment, post-anally over almost

A3 entire dorsum, pigment rows along the myosepta and in places doubling of the mediolateral melanophores (Fig. 14b-

c)
Clear development of pre-anal ventrolateral pigmentation. Initially, in places, a doubling of the mediolateral

Viag melanophores in the pre-anal region (Fig. 14b-d), post-anal pigment between the myosepta in the ventral region (Fig.
9b-e) and finally, similar changes in the pre-anal region (Fig. 14b-f)

Vig Pigment rows along the myosepta becoming indistinct. Lateral line still recognizable, as are the individual

melanophores on the head, cheek, behind and below the eyes and on the lower jaw (Fig. 14b-g)
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2.6 Morphometric measurements of adult eels

Morphological characters, including total length, pre-dorsal fin length (PDL), pre-anal fin
length (PAL), and ADL, were measured to the nearest 0.1 mm (Fig. 15). Total length (TL) was
determined by measuring the distance between the tip of the snout and the end of the tail, while
the PDL was determined by measuring the distance from the tip of the snout to the origin of the
dorsal fin. The PAL was determined by measuring the distance from the tip of the snout to the
origin of the anal fin. The ADL, on the other hand, was the difference in distance between the

origin of the dorsal and anal fins in percent of the total length (ADL/%TL).
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Fig. 15. Diagram showing morphometric measurements of the adult eel. PDL, pre-dorsal length; ADL, ano-dorsal length, PAL, pre-

anal length, SL, standard length, and TL, total length.
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2.7 Otolith extraction and preparation for daily growth increment and microchemistry
analyses

Sagittal otoliths, the largest of the 3 pairs of otoliths in the inner ear, were extracted and
embedded in epofix resin. The embedded otolith was ground and polished with a grinding
machine until the primordium was exposed. Sr and Ca concentrations were measured from the
primordium to the otolith edge at 10-um intervals with an electron beam of 5 X 4 um in diameter,
using an electron probe microanalyzer equipped with a wavelength-dispersive spectrometer
(WDS-EPMA; JEOL JXA-8900R, Tokyo, Japan). The accelerating voltage was set to 15 kV and
the probe current to 3 nA. The peak concentration of Sr was counted for 80 s with background
measurements for 20 s on each side. On the other hand, the peak concentration of Ca was
counted for 20 s and each background for 10 s. Strontianite (SrCO3: USNM-R10065) and calcite
(CaCosz: USNM-36321) from the Department of Mineral Sciences, National Museum of Natural
History, Smithsonian Institution, Washington, DC, were used as standards to calibrate the Sr and
Ca concentration in eel otoliths. After the microchemical analysis, the otolith was polished to
remove the carbon layer, and etched for 1~2 min with 5% ethylenediaminetetraacetic acid
(EDTA) to reveal the DGIs (annual rings for adult otoliths). Procedures for embedding,
sectioning, polishing, and etching otoliths to reveal the DGIs and measuring the otolith Sr:Ca
ratios followed those described in previous studies by Tzeng (1990 1996), while the procedure
for measuring the otolith Sr:Ca ratios followed that of Tzeng and Tsai (1994). On the other hand,
the ages of the adult eel samples were determined by counting the annuli that are deposited on a
yearly basis in their otoliths. The criteria used to interpret the otolith annuli of A. marmorata
followed that used in the temperate eels. However, the determination and interpretation of annuli

in tropical eel species is sometimes very difficult and unreliable due to the existence of false
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annuli. Although the ages of the adult A. marmorata were not the main concern of this study, it

was still estimated.

2.8 Life history parameters obtained from otolith daily growth increment analyses

The DGIs in the otoliths were examined from scanning electron microscopic (SEM)
photographs at various magnifications (200x, 1000x, and 1500x). Both the DGIs and Sr:Ca
ratios were measured along the longest otolith axis. Growth checks of each early life-history
event or transition recorded in the otoliths were identified using both otolith microstructures (the
DGI width) and microchemistry (Sr:Ca ratios). DGls in each of the developmental stages and
otolith radius were counted and measured from these landmarks as shown in Fig. 16. Because
otolith increments in A. marmorata and A. japonica were confirmed to be deposited on a daily
basis (Tabeta et al. 1987, Umezawa et al. 1989, Sugeha et al. 2001b), the increment number was
considered as the daily age in each individual examined in the present study. The drastic change
in otolith Sr:Ca from the primordium to the otolith edge coincided with major life-history events
in the life of the young eels, like 1st feeding, metamorphosis, etc., as reported in previous studies
for both temperate and tropical anguillid species (Tzeng and Tsai 1992 1994, Otake et al. 1994
1997, Tzeng 1996a, Arai et al. 1997 1999a b c, Cieri and McCleave 2001, Marui et al. 2001).
The age of the leptocephalus at the onset of metamorphosis (T,) was determined from the
number of DGIs between the primordium (P) and MC where the increment pattern and Sr:Ca
ratios dramatically changed (Otake et al. 1994, Tzeng and Tsai 1994, Tzeng 1995, Kuroki et al.
2005, Arai et al. 2002a). To estimate the Ty, 13 d (adjustment factor, No) was added to the
number of DGIs, because a previous study found that no increment was deposited in the core of
the otolith during the yolk-sac stage, and otolith growth increment deposition only commences

once a larva begins feeding 13 d after hatching (Tanaka et al. 1995). The duration of the
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metamorphosis stage was determined by counting the number of DGIs between the onset of a
marked increase in the otolith increment width and its maximum peak. The amount of time
between metamorphosis and estuarine arrival (T..m) was calculated by counting the number of
DGIs between the MC and the edge of the otolith, while the age at recruitment (T;) was
determined as the number of DGIs between the hatch check and otolith edge. On the other hand,
radii from the primordium to the 1st feeding check (Ry), to the MC (Rn), and to the otolith edge
(Ry), and the distance from the MC to the otolith edge (Ri.m) were measured along the longest
sagittal axis of the otolith (Fig. 11). Otolith growth rates at different developmental stages were
calculated by dividing the otolith radius by the DGI (equations 1-3). Because increments near
the metamorphosis zone in the otolith of some samples were often diffusive and obscure, the
daily age of samples without counting DGIs was calculated from both the otolith growth rate and

otolith radius (equations 4-6) as described by Wang and Tzeng (2000):

Rt
(1) Overall growth rate of otolith, Gt = Tt
] Rm
(2) Early growth rate of otolith, tm = —
Tm
) ) Rt —m
(3) Estuarine growth rate of otolith, Gt—m = Tp——

Rm — Rf
(4) Tm= —+ No
Gm
(5) Tt _Rt—m
m_Gt—m
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6)Tt=Tm+Tt—m
where Gy, and G, were obtained from equations (2) and (3) and Ny is the adjustment factor (5 days)
for yolk-sac stage durations. The differences in total length, daily age and growth rate between A.
japonica and A. marmorata were tested by analysis of variance (ANOVA) as implemented in

Sigma-Stat v3.1 (Systat Software, Inc., San Jose, California, USA).
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Fig. 16. Schematic diagram of the measurements of radii and counts of the daily growth
increments in the otoliths of the elvers (modified from Cheng and Tzeng 1996; Wang and Tzeng
2000). P: primordium; HC: hatch check; FFC: first feeding check; MC: metamorphosis check; E:
edge; Ry, Rm, R radii from the primordium to the first feeding check, to the metamorphosis
check and to the otolith edge, respectively; Ri.n: distance from the metamorphosis check to the
otolith edge; OL.: otolith length; T, Tt, Te-m: counts of the daily growth increments on the radii of
Rm, Rt and the section Ry, between MC and E, respectively.
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3. RESULTS

3.1 Species identification for the glass eel recruiting to Hsiukuluan River, Eastern Taiwan

Species of the glass eel were preliminarily identified using the caudal pigmentation
pattern and ADL/%TL values (Table 4; Fig. 17). Anguilla japonica (Fig. 17a) and A. marmorata
(Fig. 17b) are longfin species while A. bicolor pacifica is a shortfin species (Fig. 17c). Cutaneous
pigmentation patterns on the caudal part of glass eels differ among species and can be classified
into 3 types (Fig. 18): type 1 lacks pigmentation on both the tail bud and caudal fin, i.e., A.
japonica (Fig. 18a); type 2 has large patches of small (stellate) melanophores on the caudal fin,
i.e., A. bicolor pacifica (Fig. 18b); and type 3 has a large patch of diffused melanophores on the
tail bud, i.e., A. marmorata, A. luzonensis, and/or A. celebesensis (Fig. 18c). Pigmentation
patterns alone cannot be used to distinguish these 3 pigmented tropical eel species so a subset
(424 individuals) was chosen to discriminate the species. Individuals with ADL/%TL values of
> 13 were classified as A. marmorata (A) while those with ADL/%TL values of < 13 were
classified as A. luzonensis and/or A. celebesensis (uncertain or B) (Table 2). On the other hand,
unidentified individuals were labeled as uncertain. Individuals with ADL/%TL values of > 13
totaled 358 individuals, while those with values of < 13 totaled only 27 individuals. Based on
pigmentation patterns and morphometric analyses, very few A. japonica (5 individuals) or A.
bicolor pacifica (13 individuals) specimens were identified. A subset of samples with ADL/%TL
values of < 13 and of > 13 were chooses for DNA analyses to check the reliability of using
ADL/%TL to discriminate A. marmorata, A. luzonensis and/or A. celebesensis. The
phylogenetic analysis did not support the occurrence the new species and/or A. celebesensis in
Taiwan based on species-specific differences in ADL/%TL values. Sequences of eel species
with ADL/%TL values of < 12%, of 12%-13%, and of > 13% all clustered with A. marmorata in

the phylogenetic tree with 100% bootstrap probability (Fig. 19), indicating that the proposed
44



species-specific differences in ADL/%TL may just be a phenotypic variation of A. marmorata,
and the use of ADL/%TL to distinguish A. luzonensis and/or A. celebesensis might not be

reliable.
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Fig. 17. Origins of the dorsal fin (black triangle) and anal fin (gray triangle) in longfin (a, A.
japonica and b, A. marmorata, A. celebesensis and A. luzonensis) and shortfin (c, A. bicolor

pacifica) glass eels.
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Fig 18. Caudal fin and tail bud pigmentation patterns of anguillid glass eels. (a) Anguilla
japonica, (b) A. bicolor pacifica and (c) A. marmorata, A. luzonensis and/or A. celebesensis.

Scale bar = 1.5 mm.
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Fig. 19. Phylogenetic tree of the genus Anguilla inferred from cytochrome b sequences.
Individuals with maximum (25.8% and 23.6%), medium (14.1% and 12.4%) and minimum
(11.3% and 11.4%) values of the ratio of the ano-dorsal length to the percent total length
(ADL/%TL) are also shown inside the dashed box. Bootstrap probabilities are indicated near the

nodes.
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3.2 Species composition of the glass eel recruited to Hsiukuluan River

The species composition of the 1004 glass eels collected in the estuary of Hsiukuluan
River, eastern Taiwan was shown by month and year in Table 4 and by sampling station as
shown in Fig. 20. Relative abundances of glass eels varied with sampling stations, months, and
years (Table 4). Four anguillid eel species were identified based on caudal pigmentation patterns
and morphometric measurements. Anguilla japonica is a temperate species, and relatively few
(< 1%) were found in eastern Taiwan, although it is abundant on the west coast of Taiwan.
Anguilla marmorata was most abundant among the 3 tropical eel species, making up 98.4% of
the total catch, followed by a very few (1.3%) A. bicolor pacifica. But because the phylogenetic
analysis did not support the occurrence of the new species and/or A. celebesensis, the relative
abundance of A. marmorata should reach 98.4%.

It was found that different eel species recruit to the Hsiukuluan River at different times of
the year: A. marmorata recruited mainly during spring and summer but was found year-round,
while A. bicolor pacifica recruited during autumn. The temperate species, A. japonica, recruited

mainly during winter.
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Table 4. Species composition of Anguilla glass eels collected in the lower reach of Hsiukuluan
River in Eastern Taiwan from 2005-2009. (A) and (B) indicate possible proportions of A.
marmorata and A. luzonensis and/or A. celebesensis (uncertain). Values in parenthesis indicate
the number of individuals used for the measurement of ADL/%TL to discriminate A. marmorata
and A. luzonensis and/or A. celebesensis and the number of individuals used for molecular

identification in A and B.

Species compaosition

Sampling period Total A. japonica A bif:glor A. marmortata (A) + A B Unidentified
pacifica uncertain (B)
2005 June 151 0 0 151 - - -
2007 July 26 0 0 26 (29) 24 1 1
Sept. 8 0 0 8 (8) 6 1 1
2008 Apr. 1 0 0 1(1) 1 0 0
May 48 0 0 48 (48) 46 1 1
June 54 0 0 54 (14) 12 0 2
July 13 0 0 13 (13) 11 1 1
Aug. 56 0 0 56 - - -
Sept. 5 0 0 5(5) 4 1 0
Oct. 36 0 0 36 (22) 17 2 3
Nov. 280 2 10 268 (67) 56 5 6
Dec. 62 1 2 59 (54) 38 9 7
2009 Jan. 1 1 0 0 0 0 0
Feb. 1 0 0 1 - - -
Mar. 44 0 0 44 (24) 19 0 5
Apr. 64 1 0 63 (60) 53 5 2
May 17 0 0 17 (9) 9 0 0
June 61 0 1 60 (48) 41 1 6
July 69 0 0 69 (18) 17 0 1
Aug. 4 0 0 4 (4) 2 0 2
Sept. 3 0 0 3(3) 2 0 1
Total 1004 5 13 986 (424) 358(2) 27(4) 39
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Fig. 20. Species composition of the recruiting glass eels collected in 2 stations at the lower reach

of Hsiukuluan River, Eastern Taiwan from 2005-2009.
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3.3 Stage composition of the glass eel recruited to Hsiukuluan River

The glass eels at arrival in the estuary of Hsiukuluan River were at the transition stage
from glass eel to elver with various pigmentation stages (Table 5). At station 1 (river mouth),
the majority of individuals caught were at stage Va (62%) followed by stages Vg (34.1%), Via1
(2.2%), and Va2 (1.7%) (Fig. 21). These stages were characterized by the respective absence
(stage V) or presence (stage Vg) of a cerebral nerve-cord spot and pigmentation on the tail and
caudal fin (Bertin 1956). The pigmentation stage suggested that the glass eels had recently
arrived at the river mouth. On the other hand, at station 2 (approximately 2 km upstream from
the river mouth), the majority of individuals caught were at stage Vla; (35.2%) followed by
stages Vg (27.8%), Va2 (13%), Vias (11.1%), Viaz (7.4%), Va (3.7%), and Vig (1.9%) (Fig. 23).
Stages Vs~Vlas (elver stage) were characterized by a progressive pigmentation on the

dorsolateral part of the elver.
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Table 5. Pigmentation stages of the different Anguilla eel species collected from 2 stations in the lower reach of Hsiukuluan River.

Pigmentation stage

Station Species n
Vv, Vy VL, VL, VL, VI VI
L A japonica 5 5 0 0 0 0 0 0
A. bicolor pacifica 12 11 1 0 0 0 0 0
A. marmorata 144 85 53 4 2 0 0 0
Uncertain 18 10 7 0 1 0 0 0
Total 179 111 61 4 3 0 0 0
% composition 62.0 34.1 2.2 B 0 0 0
1 A japonica 0 0 0 0 0 0 0 0
A. bicolor pacifica 0 0 0 0 0
A marmorata 4 2 11 17 7 1 5 1
Uncertain 9 0 3 2 0 3 1 0
Total 54 2 14 19 1 4 6 1
% composition 3.7 27.7 35.2 13.0 7.4 11.1 1.9
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Fig 21. Developmental stage composition of recruiting glass eels according to sampling station.
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3.4 Comparison of morphometric characters of glass eels among species

Based on groupings according to caudal cutaneous pigmentation patterns, morphometric
measurements of different species were determined. Because the molecular analysis did not
support the occurrence of A. luzonensis and/or A. celebesensis in the sample examined,
individuals with ADL/%TL values of < 13 were now classified as A. marmorata and were not
included in the morphometric comparisons. Ranges and mean TLs differed among eel species
(Table 6). TLs of long-finned eels ranged 46.47-58.04 (mean + standard deviation: 49.43 £ 2.32)
mm in A. marmorata, 45.45-57.79 (53.01 = 4.54) mm in A. japonica, and 40.40-47.00 (44.50
3.04) mm in A. celebesensis (Tzeng 1982). On the other hand, the TL of A. bicolor pacifica
ranged 45.86-49.22 (47.29 = 1.06) mm. TLs of all 4 species examined significantly differed
(ANOVA, p < 0.05). Length-frequency distributions of all species are presented in Fig. 22.
Anguilla japonica had the largest mean TL, followed by A. marmorata, A. bicolor pacifica, and

A. celebesensis.
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Fig. 22. Length frequency distribution of glass eels of Anguilla japonica (a), A. bicolor pacifica
(b), and A. marmorata (c) caught in the lower reach of Hsiukuluan River of Eastern Taiwan and

A. celebesensis (d) (Tzeng 1982). n= sample size.
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The PDL of the short-finned eel A. bicolor pacifica ranged 16.52-18.55 (17.82 £ 0.63)
mm, the largest among all eel species examined (Table 6). In long-finned eel species, the PDL
ranged 12.04-15.05 (13.21 + 1.59) mm in A. japonica, 9.00-14.40 (11.43 £ 0.94) mm in A.
marmorata, and 12.50-13.70 (13.03 £ 0.50) mm in A. celebesensis. Significant differentiation in
PDL was observed among species (Kruskal-Wallis: H = 36.51, d.f. = 3, p < 0.001; Table 4). No
significant differentiation was observed between A. bicolor pacifica and A. japonica or between
A. celebesensis and A. marmorata (p > 0.05; Table 6). Anguilla marmorata was observed to
have the smallest PDL, while A. bicolor pacifica had the largest. PAL, on the other hand, did not
significantly differ between short- and long-finned eel species (p > 0.05; Table 6).

The PAL of A. bicolor pacifica ranged 16.77-18.74 (18.04 £+ 0.60) mm, while those of A.
japonica, A. marmorata, and A. celebesensis ranged 15.85-19.46 (18.54 + 1.56), 17.02-23.92
(19.13 + 1.32), and 15.80-19.40 (17.65 £ 1.58) mm, respectively. No significant differentiation
in PAL was observed among species (ANOVA, p > 0.05; Table 6).

According to the ADL, anguillid eels collected were classified into a short-finned eel, i.e.,
A. bicolor pacifica, with a mean (£ SD) ADL of 0.22 + 0.11 (0.08-0.37) mm, which was
significantly smaller than those of long-finned eels, A. japonica (mean, 5.33 £ 1.43; range, 3.81-
7.02 mm), A. marmorata (7.70 £ 0.95; 6.20-9.91 mm), and A. celebesensis (4.63 + 1.16; 3.30-
5.70 mm; Tzeng 1982) (Table 6). Anguilla marmorata had the largest ADL followed by A.
japonica, A. celebesensis, and A. bicolor pacifica. Significant differentiation in ADL was
observed among species (Kruskal-Wallis, H = 40.18, d.f. = 3, p < 0.001; Table 6). No significant
difference was observed between A. celebesensis and A. marmorata or between A. bicolor

pacifica and A. japonica (p > 0.05; Table 6).
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The ADL/%TL value of A. marmorata ranged 13.27%-20.35% (15.57% =+ 1.77%) while
values of the other eel species ranged 0.17%-0.79% (0.43% + 0.22%) in A. bicolor pacifica,
8.19%-12.97% (10.03% = 2.43%) in A. japonica, and 12.13%-18.17% (10.30% = 1.97%) in A.
celebesensis. Significant differentiation in ADL/%TL values was observed (Kruskal-Wallis, H =
40.16, d.f. = 3, p < 0.001; Table 6). No significant difference was found between A. celebesensis
and A. marmorata or between A. japonica and A. bicolor pacifica (p > 0.05; Table 6).

Figure 23-24 indicates that the short-finned eel A. bicolor pacifica can easily be
distinguished from A. marmorata, A. japonica, and A. celebesensis using body proportions,
especially the PDL and ADL in relation to TL. The PDL/TL (%) (Fig. 23) was 36.02%-37.69%
(mean, 37.68%) in the short-finned eel A. bicolor pacifica, while in the long-finned eel species it
ranged 19.37%-24.81% (23.12%) in A. marmorata, 26.49%-26.04% (24.92%) in A. japonica,
and 27.68%-30.94% (29.28%) in A. celebesensis. On the other hand, ADL/TL (%) more-
significantly differed between short- and long-finned eel species (p < 0.05, Table 6). The
ADL/TL (%) (Fig. 24) was 0.17%-0.75% (0.46%) in the short-finned eel, A. bicolor pacifica,
while in the long-finned eel species it ranged 13.34%-~17.07% (15.58%) in A. marmorata,

8.38%-12.15% (10.05%) in A. japonica, and 8.17%-12.13% (10.40%) in A. celebesensis.
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Table 6. Comparison of morphometric characters among the 4 Anguilla species. All values are in millimeters except for ADL/%TL.
Values inside parentheses beside the species names indicate the sample sizes used for morphometric comparisons. Different
superscript letters indicate a significant difference at p < 0.05. *Measurements from Tzeng (1982).

Mean =SD (range) mm

A. japonica (5) A. bicolor pacifica (13) A. marmorata (30) A. celebesensis*(4)
Total length 53.0114.54 (45.45-57.79)% 47.2911.06 (45.86-49.22)°  49.43%2.32 (46.47-58.04)°  44.5013.04 (40.40-47.00)
Pre-dorsal fin length 13.2111.59 (12.04-15.05)°  17.8210.63 (16.52-18.55)°  11.4310.94 (9.00-14.40) 13.0310.50 (12.50-13.70)*
Pre-anal fin length 18.54%1.56 (15.85-19.46)*  18.04%0.60 (16.77-18.74)*  19.13%1.32(17.02-23.92)* 17.65%1.58 (15.80-19.40)*
Ano-dorsal fin length  5.33%1.43 (3.81-7.02) 0.22%0.11 (0.08-0.37) 7.70%0.95 (6.20-9.91)° 4.6311.16 (3.30-5.70)°
ADL/%TL 10.0312.43 (8.19-12.97) 0.43%0.22 (0.17-0.79)* 15.57+1.77 (13.27-20.35)°  10.30%1.97 (8.17-12.13)°
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Fig. 24. Relationship between ano-dorsal fin length and total length in the glass eels of Anguilla japonica, A. bicolor pacifica, A.

marmorata and A. celebesensis (from Tzeng 1982).
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3.5 Daily growth increments and growth checks in the otoliths of glass eel of Anguilla
marmorata

Otolith microstructures between the temperate A. japonica and tropical A. marmorata
were fundamentally the same (Fig. 25). DGls in otoliths of glass eels are composed of 2 layers
called the incremental (L) and discontinuous (D) zones, which respectively appeared to be light
and dark as revealed by the SEM photo in Fig. 25a. The L-zone is rich in calcium carbonate
(CaCOs3), while the D-zone is very rich in protein but poor in calcium. When etched with
hydrochloric acid (HCI) or EDTA and viewed under an SEM, the L-zone appeared elevated
while the D-zone appeared as a ridge. A single DGI is usually composed of an L-zone and a D-
zone and is generally deposited on a daily basis. Near the otolith edge, a distinct growth check
called the elver check was found (Fig. 25b). The elver check was deposited in the elver stage
during its migration from seawater to fresh water. It also marks the transition from the glass-eel
to the elver stage. On the other hand, DGIs at the beginning of the leptocephalus stage were
wide and clear but became very diffuse and obscure and almost uncountable near the
metamorphosis area (Fig. 25c). This indicated that the leptocephalus grew fast during the early
developmental stage, then gradually slowed down and reached an asymptotic length before
metamorphosis. Thus an MC was deposited at the transition from the leptocephalus to glass-eel
stage. After the MC to the otolith edge, the DGIs became wider, indicating that growth speeded
up after metamorphosis. The P in the otolith of the elver was an amorphous structure which
appeared as a deep hole after etching with HCI or EDTA (Fig. 25d). Distinct concentric growth
increments and check rings were observed around the P that marked hatching (HC) and 1st
feeding (FFC). The HC appeared as a deep circular grove surrounding the P. Between the HC

and FFC, no distinct DGI was discernible and it is called embryonic-life band (Fig. 25d). From
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the P to the otolith edge, the change in DGI widths revealed the growth history of the eel as it
migrated from the oceanic spawning ground until it was recruited to the estuary (Fig. 25¢). Also,
the DGIs recorded different life-history and developmental-stage transitions. In all of the otoliths
examined, P are very distinct and well-defined (Fig. 26a) and can vary from a round to a sub-
elliptical shape but it can sometimes be vague and undefined (Fig. 26b). Primordium is always
single but on rare occasions, it can be twin (Fig. 26¢). These twin primordia coalesced to form

the core of the otolith.
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Fig. 25. SEM photographs showing daily growth increments (DGIs) and growth checks in an
otolith of an Anguilla marmorata elver. Magnified portions of a to d is shown in the succeeding

pages. Scale bar = 20 um.
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Fig. 25a. Peripheral region of the Anguilla marmorata glass eel otolith showing the estuarine
check (white arrow) and the otolith edge (black arrow). Scale bar = 20 pm.
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Fig. 25b. SEM photograph showing the metamorphosis check (black arrow) in the Anguilla
marmorata glass eel otolith. Scale bar = 20 pm.
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Fig. 25c. SEM photograph showing the discontinuous (dark band, black arrow) and increment
(light band, white arrow) zones in the Anguilla marmorata glass eel otolith.
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Fig. 25d. Core region of the of the Anguilla marmorata glass eel otolith showing the primordium
(gray arrow), yolk-sac stage(red dashed line), hatching check (white arrow) and the 1% feeding

check (black arrow). Scale bar = 20 um.
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Fig. 26a. Core region of the Anguilla marmorata glass eel otolith showing a distinct and well-

defined primordium.
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Fig. 26¢. Core region of the Anguilla marmorata glass eel otolith showing twin primordia.
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3.6 Comparison of the stage composition between Anguilla marmorata and A. japonica glass
eels

The majority of A. marmorata collected and examined (n = 168) from various estuaries
and rivers in East Asia were at stage Va (55.4%) followed by stage Vg (44.6%) (Table 7; Fig.
27a). No A. marmorata in a more-advanced developmental stage (i.e., stages VI or VII) were
observed. On the other hand, the majority of A. japonica examined (n = 240) were at stage Va
(51.7%) followed by stages Vg (32.1%), Va1 (12.5%), Va2 (3.3%), and Vlaz (0.4%). Also, the
occurrence of larger A. japonica individuals in the Yalu River (Table 7) corresponded with their

more-advanced pigmentation states (Vlazand Vlaz) (Table 8; Fig. 27Db).
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Table 7. Total lengths, daily age of glass eels at the estuary (T;), daily age at metamorphosis from leptocephalus to glass eel (Tr), and
the time between the metamorphosis check and estuarine arrival (T.m) of Anguilla japonica and A. marmorata. Values inside

parentheses indicate the number of individuals used for aging.

Species Sampling site Total length Age (days)
(mm) Tm Tt Tem
A. japonica* Tung-kang River, TW 30 (16)  57.0+2.0 117.7+14.3 156.9+21.1 39.2+6.8
30 (14) 56.1+2.4 121.4412.0 164.3+18.2 42.9+6.2
Shuang-shi River, TW 30(12)  56.8+2.3 125.9+14.7 157.6+22.3 31.7+7.6
30 (13) 55.9+2.2 115.848.1 154.7+£13.9 38.915.8
Ming-chiang River, CN 30 (20) 55.1+1.9 128.446.9 162.9£10.5 34.5+3.6
Chyan-tarng River, CN 30 (23) 55.6+1.9 137.9+11.3 176.5+17.0 38.6+5.7
Ya-lu River, CN 30 (23) 58.3+1.8 135.5+11.3 178.3£18.7 42.8+7.4
Ichinomiya River, JP 30 (10) 57.4+2.3 137.0+12.9 182.0+22.1 45.0+9.2
Overall (1) 240 (131)  56.5+2.1 127.4+11.4 166.6+18.0 39.2+6.5
A. marmorata Cagayan River, PH 45 (13)  49.5#15 95.4+14.1 131.2+15.2 35.848.7
Hsiukuluan River, TW 86 (13) 51.6+1.6 104.4+12.3 127.0£15.4 22.616.6
Kurio River, JP 37 (15) 46.7£1.7 109.2+16.8 137.0£17.8 27.3£8.9
Overall (p2) 168 (41) 49.3+1.6 103.0+14.4 131.7+£16.1 28.618.1
Difference (Ui-Ho) 7.2 24.4 34.9 10.6
Significance A j.>A m. A j.>A m. A j.>A m. A j.>A m.

*Cheng and Tzeng (1996)
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glass eels.
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Table 8. Pigmentation stages of glass eels of Anguilla japonica and A. marmorata collected from various rivers and estuaries in East
Asia.

Pigmentation stage

Species Sampling site n
Vi Vg Vi Vlzs Vi Vb \a Vi

A.japonica* Tungkang River, Tatwan 30 8 0 0 0 0 0 0
30 24 6 0 0 0 0 0

ShuangshiRiver, Tatwan 30 13 17 0 0 0 0 0

30 9 16 5 0 0 0 0

Mingchiang River, China 30 24 6 0 0 0 0

Chyantarng River, China 30 21 9 0 0 0 0 0

YaluRiver, China 30 0 1 21 7 1 0 0

IchinomiyaRiver, Japan 30 5 20 . 1 0 0 0

Total 240 124 77 30 8 1 0 0

% composition SL.7 321 25 3.3 0.4 0 0

d.marmorata  aoavanRiver, Philippines 45 15 30 0 0 0 0 0
HswkuluanRiver, Tatwan 86 65 21 0 0 0 0 0

KurioRiver, Japan 37 13 24 0 0 0 0 0

Total 168 93 75 0 0 0 0 0

% composition 554 44.6 0 0 0 0 0

*Cheng and T zeng (1996)
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3.7 Differences in size and age at estuarine arrival between Anguilla marmorata and A.
japonica glass eels

TLs of A. japonica glass eels at estuarine arrival ranged from 55.1 + 1.9 mm in the
Mingchiang River, southeastern China to 58.3 + 11.3 mm in the Yalu River near the border of
China and North Korea (Table 7), while those of A. marmorata ranged from 46.7 + 1.7 mm in
the Kurio River, southern Japan to 51.6 + 1.6 mm in the Hsiukuluan River, eastern Taiwan.
Within the same species, A. japonica glass eels from the Yalu River were significantly longer
than those from other estuaries (t-test, p < 0.01), but those from other rivers showed no
significant difference (t-test, p > 0.05). On the other hand, no significant difference (t-test, p >
0.05) in TL was observed among A. marmorata samples. The length-frequency distribution of
recruiting A. marmorata and A. japonica glass eels in the Philippines, Taiwan, China, and Japan
are shown in Fig. 28 and 29. Anguilla japonica glass eels at estuarine arrival were significantly
longer than those of A. marmorata (p < 0.001). The T; was observed to be significantly older (p
< 0.001) in A. japonica (181.8 £+ 16.2 d) than A. marmorata (141.6 + 15.8 d), indicating that the
latter were recruited to the estuary earlier than the former (Table 7). On the other hand, the
duration of migration from the time of metamorphosis to the time of estuarine arrival (Ti.m) was
significantly longer in A. japonica (41.1 + 8.8 d) than in A. marmorata (28.1 £ 7.9 d) (p < 0.001)
(Table 7). This indicated that after metamorphosing, A. japonica experienced a longer drifting

time by coastal currents before being recruited to estuaries than did A. marmorata.
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Fig. 29. Length-frequency distribution of recruiting Anguilla japonica glass eels from the Taiwan, China and Japan.
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3.8 The timing of metamorphosis from leptocephalus to glass eel as indicated by otolith
daily growth rates and Sr:Ca ratios

The overall mean otolith DGI widths of glass eels at different phases of their early life
history are shown in Table 9. The mean DGI width before metamorphosis (Rm/Trm) was 0.8
0.07 um/d in A. japonica and 0.9 + 0.14 um/d in A. marmorata, which was narrower compared
to that of the mean otolith DGI width from the metamorphosis check to the otolith edge (Rim)
which was 1.3 = 0.28 um/d in A. japonica and 2.1 = 0.60 pm/d in A. marmorata. These results
indicated that otolith growth was slower during the leptocephalus stage and faster after
metamorphosis in both species. From the primordium to the otolith edge, different otolith
growth rates and Sr:Ca ratios were observed to correspond to different ontogenetic development
stages (Fig. 30). The 1st pattern was observed in the region between the primordium and the FFC
and was deposited during the yolk-sac stage. In this region, no discernible DGIs were observed,
and the Sr:Ca ratio was lower because the yolk-sac was of freshwater maternal origin (Fig. 30).
The 2nd pattern was observed in the region between the FFC and MC and was deposited during
the leptocephalus stage. Otolith DGIs, on the other hand, became wider beyond the MC. The
3rd pattern was observed in the region between the MC and otolith edge and was deposited
during the glass-eel stage. The Sr:Ca profile from the primordium to the otolith edge of the A.
marmorata glass eels collected from the Philippines, Taiwan and Japan were shown in Figs. 31-
33. These growth and Sr:Ca ratio patterns in otoliths of A. marmorata glass eels were similar to
those observed in A. japonica. This indicated that both species have similar life histories from

the spawning ground to the estuary in their early life stage.
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Table 9. Mean (x SD) increment widths of otoliths radii Ry, R:, and Ry, in of Anguilla japonica and A. marmorata glass eels. n,

number of individuals used for increment width measurements

Increment width in um (n)

Species Sampling site Sampling date

Rm Rt Rt-m
A. japonica * Tungkang River, Taiwan 30 Dec. 92 0.8+ 0.07 (5) 0.9 + 0.09 (5) 1.2 +0.31 (5)
24 Mar. 93 0.8+ 0.07 (7) 0.8 +0.03 (5) 1.4+0.19 (5)
Shuangshi River, Taiwan 20 Dec. 92 0.8 +0.07 (7) 0.9 £ 0.03 (6) 1.5+0.48 (6)
17 Feb. 93 0.9+0.09 (3) 1.0+0.04 (2) 1.4+0.03(2)
Mingchiang River, China 1 Mar. 93 0.7 +£0.02 (5) 0.9 £0.06 (5) 1.4+£0.38 (5)
Chyantarng River, China 17 Feb. 93 0.7 £0.08 (7) 0.8+0.03 (4) 1.3+0.17 (4)
Yalu River, China 3 May 93 0.8 +0.09 (8) 0.9+0.05 (8) 1.3+0.45 (8)
Ichinomiya River, Japan 10 Jan. 94 0.7 £0.06 (5) 0.8 +£0.05 (5) 1.2 £0.26 (5)
Overall (u,) 0.78+0.07 (47)  0.88+0.05(40)  1.34 +0.28 (40)
A. marmorata Cagayan River, the Philippines 19 May 08 1.0£0.18 (13) 1.1+£0.14 (13) 1.84 +0.46 (13)
Hsiukuluan River, Taiwan 20 May 08 0.9+£0.10 (13) 1.2 +0.18 (13) 2.29£0.72 (13)
Kurio River, Japan 6 June 96 0.9+0.14 (15) 1.1£0.17 (15) 2.18 £ 0.61 (15)
Overall (u,) 0.93+0.14 (41) 1.13+0.16 (41)  2.10 +0.60 (41)
Difference (uz_ul) 0.15 0.25 0.76
Significance Am. > Aj. Am. > Aj. Am.>Aj.
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Fig. 31. Otolith Sr:Ca profiles of the A. marmorata glass eels collected from the Philippines. The
arrows indicate the onset of metamorphosis from leptocephalus to glass eel. Dashed lines
indicate the freshwater mark. When applicable, the age at estuarine arrival (T;), age at
metamorphosis (Ty,) and total length at recruitment (TL) of each individual analyzed are shown
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Fig. 33. Otolith Sr:Ca profiles of the A. marmorata glass eels collected from Japan. The arrows

indicate the onset of metamorphosis from leptocephalus to glass eel. Dashed lines indicate the

freshwater mark. When applicable, the age at estuarine arrival (Tt), age at metamorphosis (Tm)
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3.9 Back-calculated hatching dates of Anguilla marmorata and A. japonica

Table 10 shows the back-calculated hatching dates of A. japonica and A. marmorata
glass eels collected from various estuaries and rivers in East Asia. Anguilla japonica glass eels
collected in Taiwan in December 1992 were hatched between June and July 1992 while those
collected between February and March 1993 were hatched between August and November 1992.
Those collected from Mingchiang and Chyantarng Rivers in February to March 1993 and Yalu
River in May 1993all in China were hatched between August and October of the previous year.
Glass eels collected from Ichinomiya River in Japan in January 1994 were hatched in July of the
previous year.

Anguilla marmorata glass eels collected from Cagayan River in northern Philippines and
Hsiukuluan River in eastern Taiwan in May 2008 were found to be hatched between December
2007 and January 2008 while those collected from Kurio River in Southern Japan in June 1996

were hatched between December 1995 and February 1996.
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Table 10. Age and estimated hatch date of glass eels of Anguilla japonica and A. marmorata recruiting in East Asia.

Species

Sampling site

n

Sampling date

Age at recruitment

Back-calculated hatching date

A. japonica®

A. marmorata

Tung-kang River, Taiwan
Shuang-shi River, Taiwan

Ming-chiang River, China
Chyan-tarng River, China
Ya-Iu river, China
Ichinomiya River, Japan
Cagayan River, Philippines
Hsiukuluan River, Taiwan
Kurio River, Japan

16
14
12
13
20
23
23
10
13
13
15

Dec.30,1992
Mar.24,1993
Dec.20,1992
Feb.17,1993
Mar.01,1993
Feb.17,1993
May 03,1993
Jan.10,1994
May 19,2008
May 20,2008
Jun.06,1996

177.7+17.8
1744 +17.9
175.0 + 20.9
1744 +17.7
1721 +14.1
194.9 + 18.6
199.3 +15.6
186.6 + 7.0
1448 +14.2
1340+ 154
145.0+17.8

Jun. 18, 1992 - Jul. 24, 1992
Oct. 27, 1992 - Nov. 25, 1992
Jun. 08, 1992 - Jul. 18, 1992
Aug. 09, 1992 - Sept. 14, 1992
Aug. 27, 1992 - Sept. 24, 1992
July. 19, 1992 - Aug. 25, 1992
Oct. 01, 1992 - Oct. 31, 1992
Jul. 01, 1993 - Jul. 15, 1993
Dec. 05, 2007- Jan. 13, 2008
Dec. 10, 2007 - Jan. 22, 2008
Dec. 19, 1995 - Feb. 20, 1996

#Cheng and Tzeng (1996)
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3.10 Age at metamorphosis in relation to the growth rate and distance from the spawning
grounds

The overall mean (£ standard deviation) T, was significantly older in A. japonica (140.7
+ 13.6 d) than in A. marmorata (113.5 + 13.0 d) (p < 0.001, Table 7). Spatial changes in T, T,
TL and T.m of A. marmorata and A. japonica were shown in Fig. 34 to 37. It was found that Ty,
increased from south to north in both species (Fig. 34). In addition, the T, was negatively
correlated with the growth rate before metamorphosis (Gr,) for both A. marmorata (Fig. 38) and
A. japonica (Fig. 39). On the other hand, T, values of A. marmorata and A. japonica were

positively related to the larval dispersal distance from the spawning grounds (Fig. 40).
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Fig. 34. Spatial changes in age at metamorphosis in A. marmorata (a) and A. japonica (b).

Abbreviations of sampling locations are given in Figure 9.
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Abbreviations of sampling locations are given in Figure 9.
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Abbreviations of sampling locations are given in Figure 9.
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Fig 38. Relationship between the age at metamorphosis (Tr,) and growth rate (G,) before metamorphosis in Anguilla marmorata.
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Fig 39. Relationship between the age at metamorphosis (T,) and growth rate (Gy,) before metamorphosis in Anguilla japonica.
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A. japonica (solid symbols).
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3.11 Migratory environmental history and habitat use of juvenile Anguilla marmorata in
the Philippines as indicated by otolith Sr:Ca ratios

A summary of total length, weight, sex, otolith length and weight and age of A.
marmorata samples analyzed in this study were shown in Tables 11 and 12. The majority of the
samples from Hainan were female while the samples from the Philippines were unsexed. The TL
of A. marmorata samples from the Philippines ranges from 344.06 to 553.86 mm (Table 11)
while that of the samples from Hainan ranges from 770 to 975 mm (Table 12). On the other hand,
the average age of the samples from the Philippines was 2.429+0.54 while that of the samples
from Hainan was 3.36+0.50. Samples of the otoliths of wild and cultured A. marmorata were

shown in Figs. 41 and 42.

Table 11. Sampling information of the adult eels collected from a river system in Aurora

province, eastern Luzon, Philippines on August 6, 2012. OTW: otolith weight, OTL: otolith

length.

TL (mm) OTW (g) OTL (mm) Age
541.:13 0.0084 3.52 3
553.86 0.0059 3.67 3
553.73 0.0071 353 3
391.33 0.0032 2.49 2
378.06 0.0029 2.38 2
344 .06 0.0032 2.47 2
392.60 0.0049 2.52 2

450.6814£93.971  0.00540.002 2.94040.596 2.429+0.535
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Table 12. Sampling information of the adult eels collected from an aquaculture farm in Sanya,

southern Hainan province, China. OTW: otolith weight, OTL.: otolith length, n/a: not available

Sampling Date TL (mm) Weight(g) Sex OTW left(g) OTWright(g) OTL(mm) Age
13-Mar-09 931 2995 F 0.0116 0.0122 4.94 3
975 3115 F 0.0096 0.0094 4.29 3
873 2515 F 0.0106 0.0115 4.68 n/a
912 1940 F 0.0114 0.011 4.23 4
27-Mar-09 920 2785 F 0.0101 0.0101 4.27 wa
919 2455 F 0.0115 0.0123 5.13 3
913 1950 F 0.0089 0.009 4.13 n/a
926 1805 F 0.0114 0.0112 445 na
860 1750 F 0.0099 0.0099 4.82 3
830 1575 F 0.0121 0.0117 4.74 3
858 1445 F 0.0098 0.01 4.68 4
791 1350 F 0.0107 0.011 438 3
776 1325 F 0.0093 0.0103 4.58 3
28-Mar-09 775 1385 F 0.0082 0.0091 4.32 wa
794 1185 F 0.0126 0.0126 445 4
785 1145 F 0.0092 0.009 4.76 4
770 1230 F 0.0096 0.0098 4.37 na
Mean£S.D. 859.29+67.733 1878.41+657.386 0.010£0.001  0.011£0.001  4.54240.278  3.36+0.504
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Fig. 41. An otolith sample of a wild Anguilla marmorata (553.86 mm TL) from Aurora province,
Philippines. White circles: annulus; P: primordium; MC: metamorphosis check and EC: elver

check. Scale bar= 500 pum.
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Fig. 42. An otolith sample of a cultured Anguilla marmorata (785 mm TL) from Hainan
province, China. White circles: annulus; P: primordium; MC: metamorphosis check and EC:

elver check. Scale bar= 500 pm.
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In all the otoliths examined (wild and aquacultured), each had a high Sr:Ca ratio in the
central region that corresponded to the marine leptocephalus stage up to the early glass eel stage
during the part of the life history from their spawning grounds to the coastal waters and showed
lower Sr:Ca ratio levels (< 4 x 10®) (Fig. 43-44) as they migrate to the brackishwater. Each
otolith had a peak Sr:Ca ratio that ranges from 10.1 x 10 - 13.6 x 10°® in the otolith core. The
ratios in the otoliths of the eels before the elver stage were similar among specimens, indicating
that the migratory history was similar among specimens during the oceanic leptocephalus stage.
Beyond the elver check, different otolith Sr:Ca ratio was observed between the samples collected
from the wild and from aquaculture farm. The otolith Sr:Ca ratios after the elver check of the

samples from the wild maintained a value < 4 x 10" until the otolith edge.
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Fig. 43. Temporal changes in the otolith Sr:Ca ratios (measured from the core to the edge) of A.
marmorata collected from the Philippines. Dashed line indicates the freshwater mark. MC:
metamorphosis check; EC: elver check.
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Fig. 44. Temporal changes in the otolith Sr:Ca ratios (measured from the core to the edge) of A.
marmorata collected from an aquaculture farm in Sanya, southern Hainan Province, China.

Dashed line indicates the freshwater mark. MC: metamorphosis check; EC: elver check.
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4. DISCUSSION

4.1 The differences in spatial recruitment patterns among species of glass eel in Taiwan

The species composition of glass eels recruiting to the Hsiukuluan River, eastern Taiwan,
was dominated by A. marmorata which greatly differs from that reported from rivers in southern,
western, and northern Taiwan where A. japonica dominates (data from Tzeng 1982, 1983b;
Tzeng and Chang 2001; Fig. 45). The low relative abundance of A. japonica in this study was
doubtful at first, because it might have been due to sampling bias due to fisherman sorting out A.
japonica for aquaculture before handing the glass eel samples to the researchers. But a recent
study by Han et al. (unpublished data) in the same river system also revealed that the relative
abundance of A. japonica was very low (< 1%). But why does the dominant species of recruiting
glass eels differ between the east and west coasts of Taiwan? This scenario can be further
explained by the different geographical distributions, temperature preferences, and habits of the
different eel species. During the leptocephalus stage, A. marmorata and A. japonica might not
have different distributions because they use the same spawning ground to the west of Mariana
Island, and their larvae are transported by the NEC and Kuroshio Current to their destinations
(Kuroki et al. 2009, Miller et al. 2009). But after metamorphosing from leptocephalus to glass
eels, the temperate A. japonica migrates with the cold China Coastal Current to the west coast of
Taiwan (Cheng and Tzeng 1996), while the tropical species, A. marmorata, A. bicolor pacifica,
and the newly described A. luzonensis prefer the east coast which is influenced by the warm
Kuroshio Current. Previous studies also revealed that A. japonica elvers were more abundant on
the northern, western, and southern coasts of Taiwan than the east coast (Tzeng 1996, Tzeng and
Chang 2001). Those reports indicated that species-specific differences in geographical

distribution of glass eels were closely correlated to the coastal current systems which differ
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between the east and west coasts of Taiwan (Tzeng 1996). Also, the species-specific recruitment,
abundance, and distribution of A. marmorata and A. japonica in Taiwan can also be explained by
differences in the duration of their leptocephalus stage, age at metamorphosis, and growth rate.
The somatic growth rate is faster and the age at metamorphosis is younger in A. marmorata than
A. japonica. Thus, the former can recruit earlier at a younger age. This must be the reason why
A. marmorata can recruit abundantly in northern Luzon, the Philippines and along the east coast
of Taiwan, while very few A. japonica are known to recruit there, because the latter is still in the
leptocephalus stage and drifting with the Kuroshio Current. The drifting A. japonica
leptocephali metamorphose into glass eels beyond Taiwan, and some of them then enter the
westward branch of the Kuroshio Current that takes them to continental waters of East Asia
where they migrate with the cold, southerly flowing China Coastal Current to the northern,
western, and southern coasts of Taiwan. This scenario was validated by the peak catch of elvers
that coincided with the period of the lowest winter temperatures when the northeastern monsoon-
driven China Coastal Current was strongest (Tzeng 1985) and from the daily ages of elvers
arriving at estuaries along the west coast of Taiwan being older in the south than in the north
(Cheng and Tzeng 1996). In addition to this, Tzeng and Chang (2001) also suggested that the
comparatively abundant freshwater discharges and wider shelf area along the west coast of
Taiwan can potentially attract elvers to migrate upstream, unlike on the east coast where
conditions might be less attractive for inshore migration and recruitment of elvers because the
warm Kuroshio is very close to the shore, the salinity is higher, and the continental shelf is
narrower. Compared to A. marmorata, the abundance of A. bicolor pacifica was very low, such
that they can be considered an occasional species. This is because the origin or the spawning

ground of these eel species is far from Taiwan. Also, the habitat use of the adult A. japonica and
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A. marmorata living sympatrically in a river also differs (Shiao et al. 2003) with the former

usually occupying lower reaches of the river while the latter occupies upper reaches.

104



Gongshytian Creek
(Tzeng et al. 2002)
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(Tzeng et al. 2002)
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Fig. 45. Distribution patterns and abundances of A. marmorata and other anguillid eels in

Taiwan.

105



4.2 Differences in seasonal occurrence between Anguilla marmorata and A. japonica in
Taiwan

Previous studies indicated that the peak catch of A. japonica elvers in Taiwan occurred
during winter in Nov. to Feb. (Tzeng 1983b, 1996, Tzeng et al. 1995), while the peak catch of A.
marmorata elvers in the Hsiukuluan River in eastern Taiwan occurred mainly during spring and
summer (Lin 2001, Han et al. unpubl. data). This difference in the recruitment season also
supports different temperature preferences of these 2 species.

Differences in seasonal occurrence of the different glass eel species might be due to
differences in their spawning season, temperature preference and geographic distribution. In
temperate eel species, spawning occurs over a limited period, i.e., Feb. to Apr. in A. rostrata
(McCleave et al. 1987), Mar. to June in A. anguilla (McCleave and Kleckner 1987), Apr. to Nov.
in A. japonica (Tsukamoto 1990), Aug. to Dec. in A. dieffenbachi (Jellyman 1987), and Sept. to
Feb. in A. australis (Jellyman 1987). With these limited spawning periods, recruitment of their
glass eels is therefore limited to certain seasons. On the other hand, tropical eel species have a
spawning season that persists almost throughout the year, and this year-round spawning behavior
may extend the period of recruitment of their glass eels to estuarine habitats to year round, as
was described in previous studies (Tabeta et al. 1976, Arai et al. 1999a,b, 2001, Shen and Tzeng
2007). In addition, fluctuations in daily catches of glass eels in estuaries are greatly influenced
by the spawning duration, oceanic currents and the differences in early life history traits such as
the age at metamorphosis and age at recruitment, as well as environmental cues such as the moon
phase, tidal currents, and water temperature (Tzeng 1985, Cheng and Tzeng 1996, Wang and

Tzeng 1998 2000).
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4.3 The metamorphosis timing differs between Anguilla marmorata and A. japonica and
its ecological evolution significance

In the present study, it was found that at an age of 110 d (Table 7), A. marmorata had
already metamorphosed and commenced migration to coastal waters of the northern Philippines,
while A. japonica remained at the pelagic leptocephalus stage and continued to drift with
currents in the open ocean until it reached northern Taiwan where it began to metamorphose
approximately 24 d later. This must be the reason why the geographic distribution of A. japonica
is more northerly than that of A. marmorata. The metamorphosis of leptocephalus to glass eels
transforms the laterally compressed, willow-leaf-like shape of the former to a more-rounded,
streamlined shape of the latter (Fig. 46). This transformation reportedly causes drastic
reductions in the length and weight of the leptocephalus and an estimated 80% drop in whole-
body water (Bertin 1951, Otake 2003). Previous studies found that the body shape of the
leptocephalus is suitable for drifting with oceanic currents (Miller 2009, Tsukamoto et al. 2009,
2011). Also, the laterally compressed willow-leaf-like body shape of the anguillid leptocephalus
and the high body water content greatly contribute to its buoyancy and is favorable for passive
planktonic drift and transport by ocean currents, while the body of the glass eel is more adapted
for bottom dwelling. Once the leptocephalus metamorphoses into a glass eel, it loses buoyancy
and leaves the strong ocean currents. In other words, metamorphosis from a leptocephalus to a
glass eel in anguillid species terminates the passive drift of eel larvae and initiates migration to
coastal waters, and it also determines the ultimate destination of larval dispersal. The completion
of eel larval metamorphosis and the onset of the juvenile stage initiate a behavioral shift from
pelagic migration to bottom settlement (Moran 1994). Earlier-metamorphosing leptocephali are

recruited earlier while, delayed-metamorphosis leptocephali are bound for longer oceanic
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dispersal and later estuarine recruitment. Metamorphosis occurs during migration from their
offshore marine spawning grounds to their continental freshwater growth habitats, and it marks
an adaptive shift from oceanic drifting to river colonization and the beginning of the continental
dispersal phase (Edeline et al. 2009). DGls in otoliths can conveniently provide the timing for
metamorphosis (Ty), and the radius from the P to the MC can provide information on the
“metamorphosing size” of anguillid eels. These allowed us to gain insights into the mechanism
of metamorphosis of anguillid eels in the wild and provided clues to understanding the biological
significance of differences in the Ty, size at metamorphosis and in growth rate of leptocephali
between A. japonica and A. marmorata. Tsukamoto (1990) suggested that A. japonica begins to
metamorphose when leptocephali reach 60 mm TL. On the other hand, metamorphosis of
leptocephali of A. marmorata and other tropical eel species like A. bicolor pacifica, A.
borneensis, and A celebesensis was found to commence at around 50 mm TL (Kuroki et al. 2005

2006), which is considerably smaller than the metamorphosing size of the temperate A. japonica.
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leptocephalus:
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pelagic dispersal

Decrease in:

1.Buoyancy (Miller 2009;
Tsukamoto et al. 2009; Tsukamoto et
al. 2011)

2.Body length (Bertin 1951)
3.Body weight (Bertin 1951)

4.Water content: ~80% (Otake
2003)

metamorphosing ___
leptocephalus

glass eel
elver: adapted for
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rounded, streamlined

Fig. 46. Anguillid eel metamorphosis from leptocephalus to glass eel and some of the accompanying physiological changes. Eel

metamorphosis picture courtesy of National Geographic Creative (http://www.natgeocreative.com/photography/1322898).
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4.4 Delayed metamorphosis as a means of long-distance dispersal of the eel

At the end of their long transoceanic migration, A. japonica and A. marmorata
leptocephali metamorphose into glass eels and invade coastal and inland habitats. Otolith
microchemical studies revealed that after reaching coastal waters, glass eels may either migrate
further inland and colonize freshwater habitats or stop their upstream migration and settle in
seawater or estuaries (Tzeng et al. 2002, Arai et al. 2004, Daverat et al. 2006). The timing of
metamorphosis by a leptocephalus into a glass eel and transport by oceanic currents are
considered key determinants of the ultimate destination of eels (Cheng and Tzeng 1996, Tzeng
2003). In the present study, we found that the age of A. marmorata at metamorphosis from
leptocephalus to glass eel (113.5 + 13.0 d) was younger than in A. japonica (140.7 £ 13.6 d).
Because metamorphosis triggers a behavioral switch from pelagic migration to bottom settlement,
A. japonica leptocephali which arrive in Philippine waters are apparently too young to
metamorphose and migrate towards estuaries so they continue drifting northwards or southwards.
This must be the reason why Japanese eels are seldom found in the Philippines, while A.
marmorata occurs in abundance (Tabeta et al. 1975, 1976). A similar scenario was also
observed in American and European eels, for which differences in the duration of the
leptocephalus stage and growth rates were the principal factors triggering segregative migration
of these 2 species in the Atlantic Ocean (Wang and Tzeng 2000). The delay in metamorphosis of
about 12~15 months in A. anguilla (McCleave 1993, Wang and Tzeng 2000) is necessary for its
long-distance dispersal that includes a trans-Atlantic crossing. Similarly, it seems that A.
japonica has developed a strategy to delay its metamorphosis from leptocephali to glass eels by
reducing its growth rate, which enables it to migrate segregatively with A. marmorata and

experience long-distance dispersal in East Asia. Its faster-growing and earlier-metamorphosing
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leptocephali are recruited in Taiwan, while those that do not continue to drift towards eastern
China and Japan. On the other hand, the faster-growing and -earlier-metamorphosing
leptocephali of A. marmorata are recruited earlier in the Philippines, while its slower-growing,
delayed metamorphosing leptocephali disperse southward (via the Mindanao Current) and
northward (via the KC). The difference in age at metamorphosis between A. japonica and A.
marmorata ranged 18.5~39.9 d, and the delay in metamorphosis of 18.5~39.9 d is enough to
allow A. japonica to be transported from North Luzon, the Philippines to further north in
continental East Asia by the KC. Aside from these considerations, anomalies in the hydrology of
the region should also be taken into account, because they might also influence the duration of
larval drift and subsequently delay metamorphosis and affect recruitment. Anomalies such as El
Nifio and El Nifio Southern Oscillation were found to affect current systems in the region.
During El Nifio years, the salinity front in the NEC region retreats southward, leading to a
southward shift in the spawning grounds, causing poor recruitment (Kimura et al. 2001,
Sugimoto et al. 2001, Kim et al. 2007, Han et al. 2009). During this period, leptocephali
experience longer drift, slower growth rates, delayed metamorphosis, and ultimately delayed
recruitment. But during non-El Nifio years, the hydrology of the region changes with the season
and these changes are more or less regular. Specimens examined in the present study were
collected from different years during their peak recruitment seasons during non-El Nifio years.
Accordingly, the effects of environmental factors, such as El Nifio events, on larval
transportation and subsequently delayed metamorphosis from leptocephali to glass eels were not

examined in this study and would be a good topic for future research and long-term studies.
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4.5 The early growth rate affects dispersal range of leptocephali

The migratory segregation between A. japonica and A. marmorata in the northwestern
Pacific can be further understood by examining their larval growth rates. Patterns of ontogenetic
changes in otolith DGIs from the P to the otolith edge were found to be similar between A.
japonica (Cheng and Tzeng 1996, Tzeng 2003) and A. marmorata (Table 7) (Fig. 26); however,
otolith DGI widths were greater and increment numbers were fewer in A. marmorata than A.
japonica (Tables 7, 9). This indicates that during the early stage of development, A. marmorata
has faster otolith growth rates than A. japonica. Faster-growing leptocephali are able to
metamorphose and are recruited earlier to estuaries in the Philippines, while slower-growing
ones metamorphose and are recruited later to estuaries in Taiwan, eastern China, Korea, and
Japan. In addition to this, a close linear relationship between ages at metamorphosis and
recruitment in temperate and tropical eel species was observed (Marui et al. 2001), further
suggesting that early-metamorphosing glass eels are recruited at younger ages. A similar
phenomenon was also observed in other anguillid species like A. celebesensis, A. bicolor bicolor,
A. bicolor pacifica, A. australis, A. anguilla, A. rostrata, and A. dieffenbachi. A reduced growth
rate in A. japonica larvae prevents metamorphosis in synchrony with A. marmorata, despite their
overlapping spawning sites and the same oceanic transport and migratory routes. Also, the
slower growth rate of A. japonica during the leptocephalus stage and its longer duration

compared to A. marmorata seem to be due to the longer transportation distance.
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4.6 Spatial and temporal population genetic structure of the giant mottled eel Anguilla
marmorata in the northwestern Pacific

The A. marmorata sample set in this study was used to determine the spatio-temporal
population of the species in the northwestern Pacific in a separate study (Cheng et al. 2012). A
total of 223 A. marmorata elvers from the Philippines (45), Taiwan (143) and Japan (35) were
used to analyze the genetic variability and population genetic structure using 5 microsatellite loci
and in order to eliminate the probability of species admixture with A. luzonensis in the samples
due to their morphological resemblance during elver stage, all of the specimens were screened
using species-specific mtDNA cytb PCR. The results showed that the samples analyzed was
comprised of just a single species, A. marmorata and its population in the northwestern Pacific
do not have any significant genetic differentiation (Fsr= 0.002; P > 0.05), even if the samples
from Japan were collected 10 years ago. Hierarchical AMOVA also suggested that the
population genetic structure among seasons in Taiwan was not significant (Fst = 0.003; P >
0.05). This may be because of the year-round spawning behavior of the tropical eels. Anguilla
marmorata just like A. celebesensis and A. reinhardtii, spawn all year round (Arai et al. 1999a,
2001a; Sugeha et al. 2001a; Shen and Tzeng, 2007a,b) in order to adapt to the low but
continuous marine productivity in the tropical area. Semelparous spawning behavior and year-
round spawning pattern can contribute to the population genetic differentiation if the individuals
from the same area went back to the spawning ground at the same time. But because the
environment is stable in the tropical areas, the signal to initiate spawning migration is not
obvious and because of this, the year round spawning behavior of tropical eels will increase the
possibility for inter-cohort or inter-locality gene flow. This scenario was also found in the

tropical A. reinhardtii in Australia (Shen and Tzeng, 2007a). Also, because A. marmorata in the
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northwestern Pacific was transported by the North Equation Current and Kuroshio Current, there
is no known physical barrier or other current systems that affect the population genetic
differentiation. But there might be another reason for their lack of spatial and temporal
population genetic differentiation. In contrast to the non-panmictic temperate eel A. japonica, the
shorter leptocephalus larval duration of the tropical eels contribute to their narrower distribution
range and also one of the reasons for panmixia in A. marmorata population. The leptocephalus
duration is the key factor influencing their recruitment timing and location (Cheng and Tzeng,
1996; Wang and Tzeng, 1998, 2000). The latitudinal distribution of A. marmorata is much
narrower than that of A. japonica and is usually concentrated in the lower latitude. Eels from the
same latitude have more chance of meeting one another in the spawning ground because the
environmental signals to start spawning migration is similar. This may be the reason why it is
more common to observe population differentiation in the temperate eels than the tropical eels
(Tseng et al. 2006). Previous study suggested that A. japonica have a weak spatial population
genetic differentiation (Tseng et al. 2001, 2003) indicating that this temperate eel species is non-

panmictic and may have limited gene flow within species and population.
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4.7 Migration behavior and habitat use of Anguilla marmorata in eastern Luzon,
Philippines

In the past, the migratory histories of several anguillid eel species including A.
marmorata have been studied using the trace elements in their otoliths, specifically strontium.
The Sr:Ca ratio in the otoliths of those eel species varied greatly according to the time they spent
in different habitats with different salinity gradient (freshwater, brackish water and seawater).
Thus, the Sr:Ca ratios in the otoliths of the anguillid eels could help in determining whether or
not they enter freshwater during the elver stage and remain in freshwater, brackish water or
seawater environment until they reach the silver eel stage or whether they wander among
different habitats with differing salinity regimes.

Previous studies (Shiao et al. 2003; Briones et al. 2007) indicated that A. marmorata in
the Philippines and Taiwan has restricted migration behavior during the yellow eel stage. In the
present study, beyond the elver check, the otolith Sr:Ca ratios of the samples collected from the
wild maintained a value less than 4 x 107, indicating that after migrating to the river, A.
marmorata did not frequently inhabit high saline environment until capture. On the other hand,
the otolith Sr:Ca ratios of the samples collected from an aquaculture farm varied greatly but
might be reflecting the culture practice of the farm. The migratory behavior of A. marmorata
from the Philippines and Taiwan is in contrast to that reported in Bonin Islands, Japan (Chino
and Arai 2010a) wherein three patterns were found: (1) freshwater residence, (2) brackish water
residence and (3) residence in freshwater after recruitment but returning to brackish water. This
pattern was similar to the migration habit of A. japonica. Chino and Arai (2010a) reasoned that
in the Bonin Islands, A. marmorata is the only freshwater eel species thus interspecific

competition may not occur between (among) eel species so that they are present in all types of
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habitats available. In the Philippines however, A. marmorata is only one of the several species of
freshwater eels to occur in the country thus mechanisms such as habitat segregation and behavior
differentiation exist to avoid interspecific competition for available food and space and attain
maximum benefits. Meanwhile in Vietnam, A. marmorata coexisted with A. bicolor pacifica and
may share the same niches, use the same demersal habitats and forage for the same prey (Arai et
al. 2013) but instead of evolving to have a restricted distribution such as those exhibited in the
Philippines and Taiwan to avoid interspecific competition, A. marmorata in Vietnam developed
instead a diversified migratory behavior similar to that reported in Bonin Island with one minor
difference. The 3" pattern showed residence shifting between sea and brackish water with no
freshwater life. Whether this flexible migration pattern exhibited by A. marmorata in Vietnam is
a response to inter- and intra-species competition or a response to the varying productivity
(carrying capacity) of the habitat, is not yet clear. These findings indicate that A. marmorata in
some areas of its wide distribution range, have a flexible migration strategy with a high degree of
behavioral plasticity similar to that of the other tropical eel species like A. bicolor bicolor (Chino
and Arai 2010b) and A. bicolor pacifica (Arai et al. 2013) and temperate eel species like A.
anguilla (Arai et al. 2006; Daverat et al. 2006), A. australis and A dieffenbachii (Arai et al. 2004),
A. japonica (Kotake et al. 2003; Shiao et al. 2003; Tzeng et al. 2003; Chino and Arai 2009) and
A. rostrata (Jessop et al. 2002). Migratory behavior of A. marmorata may differ among habitats
in response to inter- and intra-specific competition after they recruit to coastal waters.
Furthermore, flexible migratory behavior coupled with an ability to utilize and adapt to a wide
range of salinity gradient and habitat might also help explain why A. marmorata has a very wide

distribution range. However, in some areas where A. marmorata is just restricted to a specific
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habitat (salinity) like in the Philippines and Taiwan, they are more susceptible to overfishing,

continuous habitat degradation and environmental stresses.
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5. CONCLUSION AND PERSPECTIVE

5.1 Species-specific geographic distribution

In the Hsiukuluan River, eastern Taiwan, the species composition of the recruiting
anguillid eels was dominated by A. marmorata with A. japonica and A. bicolor pacifica as minor
species, which greatly differs from what was previously reported in rivers of northern, western,
and southern Taiwan where A. japonica dominates. The recruitment season of A. marmorata is
mainly from early summer to autumn but can occur almost year round, while that of A. japonica
is during winter. Anguilla bicolor pacifica mainly recruits during autumn. These results suggest
that tropical eels have a unique geographical distribution and recruitment season which greatly
differs from those of the temperate eel, A. japonica. Further investigations on the species
composition of recruiting anguillid eels on a wider scale are warranted to validate the occurrence
of A. celebesensis in the natural waters of Taiwan to be able to establish the number of anguillid
eel species in the island. This information is essential for fishery regulation and management

implementation.

5.2 Role of larval growth rate and metamorphosis timing in determining the geographical
distribution of the anguillid eel

The larval growth rate and the metamorphosis timing may play an important role in the
geographical distribution of the sympatric anguillid eel species A. japonica and A. marmorata in
the northwestern Pacific during their drift from their overlapping spawning ground in the waters
west of the Mariana Island via the NEC and the Kuroshio Current to their continental freshwater
growth habitat. Anguilla marmorata grow faster and metamorphose earlier than A. japonica thus
it can be found abundantly in the tropical Philippines and subtropical Taiwan but few in

temperate China, Korea and Japan. On the contrary, the temperate eel A. japonica is abundant
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beyond Taiwan and few or none can be found in the tropical Philippines. This indicates that the
differences in their growth rate and the timing of metamorphosis from leptocephalus to glass eel
are the key factors in determining the continental distribution of these two sympatric anguillid
eel species. The delayed metamorphosis with reduced growth rate in A. japonica leptocephalus
may be an evolutionary strategy for the temperate species to extend their distribution area from
the tropical to the temperate region, farther north than the distribution range of A. marmorata.
However, the present study is indicative not quantitative so further extensive sampling is needed
in this oceanic region particularly during the later stages of larval migration as the leptocephali
enter the NEC bifurcation region. Also, there is a similar lack of information about the larvae of
these two eel species as they begin to metamorphose at the western margin of the subtropical
gyre as they approach the Kuroshio Current. These issues indicated that future researches should
focus on further samplings that cover a wide seasonal range and that emphasize on the later
stages of the larval migration are needed to fill in critical gaps in the knowledge about the early

life history stages of A. japonica and A. marmorata in the northwestern Pacific.

5.3. Migratory environmental history of Anguilla marmorata is different from that of A.
japonica

The Sr:Ca ratios in the otoliths of A. marmorata from the Philippines revealed that its
migratory environmental history is quite different from that reported from Japan and Vietnam.
Anguilla marmorata in Taiwan and the Philippines is restricted to freshwater while those
reported in Japan and Vietnam has a more flexible migratory behaviour, a pattern similar to the
ones reported in A. japonica and other temperate eel species. Interspecific competition,
environmental factors, the productivity of the environment and adaptation may play an important

role in the habitat preference of A. marmorata throughout its species range. Because of its
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restriction to just freshwater environment, A. marmorata in the Philippines and Taiwan are more
susceptible to both heavy fishing pressure and continuous habitat degradation as compared to
their counterpart with flexible migration pattern. Furthermore, since the juvenile eels analyzed in
this study were all collected in the upper reaches of the river, samples from other parts of the
river system (i.e. middle and lower reaches) should be analyzed as well to avoid sampling bias.
Also, because of the archipelagic nature of the Philippines, the habitat use and life history of the
eels might differ among location so further studies should be undertaken to determine its detailed

migratory history and also of the other tropical eel species to elucidate their habitat.
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APPENDIX

Appendix 1. Fisheries Administrative Order 242 of the Philippines

Republic of the Philippines

~ DEPARTMENT OF AGRICULTURE
Office of the Secretary
Elliptical Road, Diliman, Quezon City

FISHERIES ADMINISTRATIVE
ORDERNO. _ 242
Series of 2012

SUBJECT : Reinstating the ban on the export of elvers

Pursuant to Sections 61.b, 99 and 107 of Republic Act 8550, Fisheries
Administrative Order No. 159 series of 1986 is hereby revoked and the ban on the
export of elvers is hereby reinstated subject to the following provisions:

Section 1. Definition of terms. - These terms for purposes of this Order shall be
construed as follows:

1. Eel fingerling - means juvenile form of all eels or snake-like fish more than five
(5) centimeters but not exceeding fifteen (15) centimeters in length;

2. Eel fry - means post larval forms of all eels or snake-like fish not exceeding five
(5) centimeters in length, with glass-like transparency, and also called glass eels;

3. Eel species - pertains to species of fish under the Family Anguillidae, specifically
these species reported to occur in the country: Anguilla luzonensis, A. celebensis, A.
malgumora, A. marmorata, A. japonica, A. bicolor bicolor, A. bengalensis bengalensis
and A. australis australis;

4. Elvers - means young eels which refer to eel fry or eel fingerlings;
5. Export - means to send or ship out of the country.

Section 2. Prohibition. - It shall be unlawful for any person, association or corporation
to export or cause to be exported fry and fingerlings of eel species as defined.
Provided, however, that the Secretary of Agriculture, pursuant to an approved
scientific research and upon the recommendation of the Director of the Bureau of
Fisheries and Aquatic Resources (BFAR), may grant a special permit to export eel fry
or fingerlings of not more than one (1) kilo live weight for scientific and/or
educational purposes, subject to such conditions as the Secretary may deem wise to
impose.

Section 3. Penalty. - Any violation of this Order shall subject the offender to
imprisonment of eight (8) years, confiscation of the same or a fine equivalent to
double the export value of the same upon the discretion of the court, and revocation of
the fishing and/or export accreditation/permit.
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Section 4. Repealing clause. - All orders, rules and regulations or parts thereof
inconsistent with the provisions of this Order are hereby repealed.

Section 5. Effectivity. - This Order shall take effect fifteen (15) days after its publication in a
newspaper of general circulation and upon acknowledgement by the Office of the National
Administrative Registry (ONAR).

Issued this _(¢/#: day of ffﬁ: 4 2012, at Quezon City, Philippines.

DEPARTMENT OF AGRICULTURE
R T
1 replying pis cite this coue

For Signature: §-04-12-0043
Yecevea 04/10/2012 08:31 AW

car
Recommended by: [ .
A . ASIS G. PEREZ SALVADOR S. SALACYP
irector, BFAR Undersegretary for Fisherids and
NFARMC Chairman

Zaniisaad;
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Appendix 2. Papers, abstracts and presentations related to this dissertation
1. Published manuscripts

Leander NJ, Shen KN, Chen RT and Tzeng WN (2012). Species composition and
seasonal occurrence of recruiting glass eels (Anguilla spp.) in the Hsiukuluan
River, Eastern Taiwan. Zoological Studies 51 (1): 59-71.

Leander NJ, Tzeng WN, Yeh NT, Shen KN and Han YS (2013). Effects of
metamorphosis timing and the larval growth rate on the latitudinal distribution of
sympatric freshwater eels, Anguilla japonica and A. marmorata, in the western

North Pacific. Zoological Studies 52 (1): 30-45.

2. Conference paper (abstracts)

Leander NJ, Shen KN, Yeh NT and Tzeng WN (2012). Can age at metamorphosis and
early growth rate influence the latitudinal distribution of Anguilla japonica and
A. marmorata? 6th World Fisheries Congress, May 7-11, 2012, Edinburgh
International Convention Centre, Edinburgh, Scotland.

Leander NJ and Tzeng WN (2011). Metamorphosis timing: a mechanism for segregative
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Shanghai Ocean University, Shanghai, China.
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occurrence. 2010 Annual Meeting of The Fisheries Society of Taiwan,

December 11, 2010, National Taiwan Ocean University, Keelung, Taiwan.

Leander NJ, Han YS, Chen RT, and Tzeng WN (2010). Species composition and
seasonal occurrence of tropical eel (Anguilla spp.) in the estuary of Hsiukuluan
River, with reference to the revision of the Anguillid eel species found in Taiwan.
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